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Abstract

:

The pandemic of COVID-19 disease has brought many challenges in the field of personal protective equipment. The amount of disposable surgical masks (DSMs) consumed increased dramatically, and much of it was improperly disposed of, i.e., it entered the environment. For this reason, it is crucial to accurately analyze the waste and identify all the hazards it poses. Therefore, in the present work, a DSM was disassembled, and gravimetric analysis of representative DSM waste was performed, along with detailed infrared spectroscopy of the individual parts and in-depth analysis of the waste. Due to the potential water contamination by micro/nanoplastics and also by other harmful components of DSMs generated during the leaching and photodegradation process, the xenon test and toxicity characteristic leaching procedure were used to analyze and evaluate the leaching of micro/nanoplastics. Micro/nanoplastic particles were leached from all five components of the mask in an aqueous medium. Exposed to natural conditions, a DSM loses up to 30% of its mass in just 1 month, while micro/nanoplastic particles are formed by the process of photodegradation. Improperly treated DSMs pose a potential hazardous risk to the environment due to the release of micro/nanoparticles and chloride ion content.
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1. Introduction


Since the discovery of Bakelite in 1907 until now, the plastic industry has undergone exceptional development and has had a great impact on our daily life [1]. According to Plastics Europe, global plastic production is increasing enormously year by year. For example, 367 million tonnes of plastic were produced in 2020. Plastics Europe estimates that at least half of all plastics produced have a short lifespan [2].



With the outbreak of COVID-19 and the announcement of a pandemic on 11. 3. 2020 by the World Health Organization (WHO), the global demand for medical personal protective equipment (PPE) has increased [3]. As Park and colleagues note in their analysis, global production of PPE, a short lifespan product, would need to increase by 40% during the pandemic to meet crisis demand [4]. Prevention of human-to-human transmission of the virus SARS-CoV-2 has led to the worldwide consumption of disposable surgical masks (DSMs). The WHO estimates that 89 million medical masks are needed each month to deal with COVID-19 [3]. As Czigany and Ronkay note in their article, surgical masks provide protection and an effective way to keep the virus from circulating because they reduce the number of droplets that an infected person spreads in their environment. Therefore and consequently, protective masks were one of the most sought-after products last year [5].



With the increase in production and consumption of surgical masks in the world, new challenges are being posed to the environment due to the world’s largest issue now—microplastics and, even worse, nanoplastics. The declaration of an epidemic due to COVID-19 has triggered a different kind of emergency: single-use plastic is on the rise again worldwide, and much of the non-recyclable PPE is consequently disposed of in the environment causing potential chemical contamination [6] and potential ecotoxicological consequences [7,8].



Generally, DSMs are classified as “FFP1” masks according to the EU standard EN149 and are also known by the code N95, as they can achieve 95% filtration of particles with a diameter of 0.3 μm. They are composed of five parts [9] that include ear loops, nose wire, and three layers of microfibers or nanofibers, which are hydrophobic, skin-friendly, and non-allergenic (Figure 1). The filter layers are usually produced using melt-blown electrospinning technology. All three layers can be made from a variety of synthetic polymeric materials such as polypropylene, polyurethane, polyacrylonitrile, polystyrene, polycarbonate, polyethylene, or polyester, depending on the customer’s preference [5,7]. However, as it is a plastic product, it is expected that after usage, in the form of waste, it will have further negative impact on the already polluted environment [5,9].



Nowadays, DSMs are becoming a new and enormous source of plastic and micro/nanoplastics in the environment and causing severe pollution. For these reasons, it is of paramount importance to study the release of hazardous chemicals and fragmentation products from DSMs. A number of studies have already been published on the above topic, either containing only theoretical investigations on the negative effects of DSMs on the environment or focusing only on new DSMs from one or a few manufacturers. The studies mainly investigated the leaching of DSMs during the washing process or in artificial seawater [5,6,7,8,10,11,12,13,14,15,16,17,18] In the context of aging experiments, Francesco Saliu and others [9] performed an initial and preliminary evaluation by subjecting commercially available surgical masks to artificial aging experiments, including UV irradiation and mechanical stress in artificial seawater. The results showed that a single surgical mask irradiated with UV light for 180 h and vigorously agitated in artificial seawater can release up to 173,000 fibers/day. Silvia Morgana et al. also state that a single mask in water can release thousands of microplastic fibers and up to 108 submicrometric particles, most of which are nanoscale [19].



The advantage of our study over other published studies is that we used a real sample—a mixture of used DSMs of different colors and from different manufacturers—to obtain a real representative sample. Our waste samples contained more than 30 different DSMs that are used daily in Slovenia. This is a much more heterogeneous sample than the ones used in similar studies where more homogeneous samples were used (usually less than 10 [8,16] or even only one type of DSM [6,17]). A representative sample consisting of DSMs was collected and a comprehensive study of the waste DSMs using a series of chemical, thermochemical, and physical analyses was conducted to characterize the DSMs as waste. Gravimetric analysis of larger samples (100 masks) and a complete waste characterization has been carried out in accordance with EU legislation.



In our study, special attention was paid to the potential water pollution from micro/nanoplastics generated by the degradation of these masks and also from other harmful components of DSMs generated during the leaching and photodegradation process, highlighting their adverse effects if not disposed of properly. For this purpose, two methods, a xenon arc fading lamp test in accordance with standard ISO 105-B04:1994 and toxicity leaching procedure (TCLP), were used, to analyze the production and characteristics of micro/nanoplastics [8,12,13,16].



In the xenon test chamber, the weathering resistance of the DSM was evaluated using different light spectra, temperatures, and humidity. In this way, the study of weathering and accelerated aging tests is made possible by closely mimicking actual environmental conditions.




2. Materials and Methods


2.1. Sampling and Gravimetric Analysis


The waste DSM sample was collected in a collection campaign in the faculty of the Mechanical Engineering University of Maribor. In the campaign were participating students, professors, and staff employed in the faculty who regularly delivered spent DSMs. During the campaign, over 10.000 spent DSMs were collected. A sampling of the whole collected sample was carried out according to a standard [20] to collect a representative sample for further analysis. Particular caution was given when collecting and sampling, due to the potential infectiveness of the material.



The surgical masks were divided into 5 basic components—nose wire, ear loops, outer non-woven layer, melt-blown filter layer, and inner non-woven layer—and was dried to constant mass. On a sample of 100 disassembled masks, we performed a gravimetric analysis of the proportion of each component in our sample. The masks were disassembled manually. Each component was weighed on a Kern ALT 220-4NM balance with an accuracy of ±0.001 g.




2.2. Characterization of Physicochemical Properties of Surgical Masks


The DSMs were analyzed with the spectrometer ATR FTIR Perkin Elmer Spectrum GX (Perkin Elmer FTIR, Omega, Ljubljana, Slovenia). The ATR accessory (supplied by Specac Ltd., Orpington, Kent, UK) contained a diamond crystal. A total of 16 scans were taken of each sample with a resolution of 4 cm−1. All spectra were recorded at ambient temperature over a wavenumber interval between 4000 and 650 cm−1. Four measurements were performed for all 5 parts and on both sides of each layer of DSMs. Pristine DSMs were also characterized in terms of thermogravimetric properties and DSC as explained below.




2.3. Waste Characterization


In accordance with the Slovenian regulation [21] that is modeled after Council Directive 1999/31/EC, chemical thermogravimetrical and additional physicochemical analyses were performed to carry out the characterization of waste. First, a sample was prepared in accordance with the standard [22]. The metal wires were removed from the sample and the remainder was ground into fine dust using an A 10 IKA Werke mill with a water-cooling system. Fifty grams of milled sample was produced which is roughly equal to the mass of 100 masks. So, it contained all 3 layers of the mask, ear loops, type 3 nose wire, and type 1 and 2 plastic coating of the nose wire (in accordance with Figure 2). With the obtained sample, the determination of the content of metal elements was carried out using inductively coupled plasma with optical emission spectrometry (ICP-OES) in line with the standard [23]. As in the standard [24], the determination of total organic carbon (TOC) in waste was performed. The nitrogen content was determined according to the standard [25] and hydrogen using the Dumas method [26]. Similar to the standard [27], the determination of loss on ignition was carried out and the dry matter content according to the standard [28] method A. Determination of gross calorific value and calculation of net calorific value were also carried out as in the standard [29]. Other methods that have been used were the determination of polychlorinated biphenyls (PCBs) [30] and the determination of chlorine (Cl), fluorine (F), and sulfur (S) [31].




2.4. Toxicity Characteristic Leaching Procedure (TCLP) and Analysis of TCLP Products


The toxicity characteristic leaching procedure (TCLP)—SW-846 Test Method 1311 [32]—was performed to determine the mobility of both organic and inorganic analytes present in samples. A representative sample of DSMs was prepared in the following way: all 5 parts (nose wire, ear loops and outer, filter, and inner layer) were cut into pieces smaller than 1 cm2. Then, the dry matter of the sample was determined according to the standard [28]. The TCLP was performed for the whole mask and all 5 parts of the DSM separately. Six different samples were analyzed, and each was prepared in two parallels—outer layer, filter layer, inner layer, ear loops, nose wire separately and all parts together in mass proportions the same as for mask composition. This value was used in Equation (1) to determine the amount of distilled water that is needed to perform a TCLP of 50 g of our sample. Fifty grams of the sample was put in a glass jar with the correct amount of distilled water. Then, the jars were put on an HS-501 shaker made by IKA Werke that rotated at 30 ± 2 rpm for 18 ± 2 h.


   m  f l u i d   =   20 ·  w  d r y   m a t t e r   ·  m  s a m p l e     100    



(1)







Products were first filtered through a colander with a mesh having a diameter of 5 mm, to remove larger parts. Then, obtained filtrate was filtered again through polyether sulfone (PESU) filters with an effective pore size of 0.2 µm and diameter of 50 mm, from Sartorius Stedim Biotech GmbH. Microplastics retained on the filter were examined under a Zeiss Axio Vision optical microscope with which different parts were observed and measured. Dried microplastics on the filter were also weighed and analyzed using an ATR FTIR Perkin Elmer Spectrum GX spectrometer as is described in Section 2.2. Filters used were dried to constant mass at 100 °C in a VS50-SC dryer produced by Kambič d.o.o. and weighed before the filtration. After filtration, they were dried again and weighed to determine the mass of microplastics on the filter. Filters were weighed on a Kern ALT 220-4NM balance with an accuracy of ±0.001 g. Obtained microplastic particles were also analyzed and measured under the optical microscope ZEISS Axiotech 25HD (+ pole), with an AxioCam MRC (D) high-resolution digital camera, and a Carl Zeiss FE-SEM SUPRA 35 VP scanning electron microscope with a GEMINI field emission module.



Water obtained in the TCLP before and after the filtration process was tested for simple qualitative properties. With a Velp Scientifica TB1 turbidimeter, turbidity of samples was measured and, with a Metler-Toledo SevenCompact S230 conductometer, conductivity of samples was measured. Chemical oxygen demand (COD) was also determined by using tube tests by Macherey-Nagel, Macherey-Nagel Nanocolor Vario 4 heating unit, and Macherey-Nagel Nanocolor UV/Vis spectrophotometer.



Water after filtration was also analyzed for particle size distribution (PSD) using a Zetasizer Nano ZS® (Malvern Instruments, Ltd., UK) equipped with dynamic light scattering (DLS) technology. Triplicate measurements were carried out using a He-Ne laser at a wavelength of 633 nm and scattering angle of 173° at 25 °C for 70 s.




2.5. Photodegradability of Mask


Photodegradation of the mask was performed by artificial weathering using a Xenotest alpha LM high-energy climate chamber (Atlas Material Testing Technology GmbH, 1500 Bishop Ct, Mount Prospect, Illinois, 60056, United States). It was essentially the same as the standard ISO 4892-2 2013, with minor modifications in cycle composition. The DSMs were manually prepared to fit into the Xenotest holders. The samples were then dried at 90 °C for 1 h to maintain a constant mass. The samples were then weighed and placed in the Xenotest. One cycle consisted of a 1 min rain period and a 29 min dry period at a relative humidity of 50% and a constant temperature of 38 °C. Irradiance was set to 60 W/m2 and was provided with the use of a daylight filter. These laboratory conditions are a rapid simulation of the real natural conditions to which DSMs are exposed in nature, thus mimicking real conditions. A cycle was repeated 25 times, 50 times, 75 times, 100 times, 125 times, 150 times, 175 times, and 200 times. Samples were then dried again at 90 °C for 1 h and weighed. In addition to gravimetric analysis, we also performed FTIR analysis as well as thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) of the masks after aging. Distilled water was used for the simulated rainwater, which was collected and analyzed after the simulation. A few drops of the simulated rainwater were examined under a ZEISS Axiotech 25HD (+ pole) optical microscope. It was also filtered through a PESU filter with < 0.2 µm mesh size. The filtrate was analyzed by DLS to detect any nanoscale particles released from the samples.



TGA and DSC analyses of raw DSMs were also performed to assess possible changes. For TGA before and after Xenotest, a METTLER TOLEDO TGA 2 STAR System was used under air atmosphere in the temperature range 25–700 °C and with a heating rate of 10 K min−1. For DSC, a METTLER TOLEDO DSC 3 STAR System was used under nitrogen (N2) atmosphere in the temperature range of 25–700 °C and with a heating rate of 10 K min−1.





3. Results


3.1. DSM Characterizations


3.1.1. Gravimetric Analysis


After manually decomposing 100 different DSMs into five components (shown in Figure 1), we used the basic statistical tools in Microsoft Excel to obtain the results shown in Figure 2. The average mass of a single mask was 3.1205 g. The maximum mass fraction of the mask represents a three-layered part, resulting in 79.7%. This percentage is evenly distributed among all three layers and most likely contributes to micro/nanoplastic fragmentation. Ear loops represent 12.4% of the mass of the DSMs, and the lowest percentage of the DSM mass is represented by nose wire, i.e., 7.9%.



In the obtained sample, three different types of nose wire were found. The most common one is nose wire composed of one metal wire coated with plastic (type 1) and is represented in more than half of all masks analyzed, the second one is composed of two metal wires coated with plastic (type 2), and the third one, the least represented type, is without metal wire, just plastic with additives that provide similar properties to metal wire in plastic (type 3). Schematic representations of all three types of nose wire are shown in Figure 2.




3.1.2. ATR-FTIR Characterization of Pristine DSMs


Similar to above, 50 different DSMs were manually decomposed into all five parts as shown in Figure 1 and analyzed by ATR FTIR spectroscopy. The results show the different spectra that were collected from each part. As can be seen in Figure 3a, two different types of spectra of the non-woven outer layer and non-woven inner layer have been found. All collected spectra of the filter layer were the same. The spectra of one type of non-woven outer layer, filter layer, and one type of non-woven inner layer showed the following bands: multiple peaks in the wavenumber range from 3000 to 2800 cm−1 and two large peaks in the range from 1456 to 1375 cm−1. The peaks in the range from 3000 to 2800 cm−1 were attributable to asymmetric and symmetric stretching vibrations of CH2 groups, while the peaks at 2950 and 2850 cm−1 were due to the asymmetric and symmetric stretching vibrations of CH3. The peak at 1456 cm−1 indicates the asymmetric CH3 vibrations or CH2 scissor vibrations, while the peak at 1375 cm−1 was the result of the symmetric CH3 deformation [33]. All mentioned signals represent typical signals for polypropylene materials.



The other two spectra, corresponding to the second type of non-woven outer layer and the second type of non-woven inner layer, presented only two signals in the range from 3000 to 2800 cm−1, namely, at the wavenumber 2914 and 2848 cm−1, signal at 1471 cm−1, and the small peak at 717 cm−1, that are identified as characteristic bands for C-H wagging vibrations (Figure 3a). Those signals are attributed to polyethylene materials [34]. Interestingly, among the 50 DSMs measured, only one was found to have a non-woven outer layer and a non-woven inner layer of polyethylene materials.



As can be seen in Figure 3b, four different spectra of ear loops with different positions of signals were obtained. Comparing the collected spectra with the spectra of synthetically produced untreated polyamide 6 [35], it was revealed that the characteristic peaks overlap. Typical bands that were found were assigned to polyamide 6, also known as nylon 6. However, slight variations between the spectra can be observed due to different manufacturers of ear loops adding different additives to provide desired properties of the product.



In the case of nose wire examination, the metal wires were removed first, and then only the plastic coating was analyzed. As already schematically shown in Figure 2, three different types of nose wires were found according to their structure. As they differ in structure, they also differ in the FTIR spectra obtained. Type 1 was a nose wire with a metal wire in a plastic coating. As can be seen in Figure 3c, the spectra of type 1 have peaks typical for polypropylene, and the position of bands is very similar to the spectra of the coatings of polypropylene in Figure 3a. Type 2 and type 3 nose wires’ spectra are very similar, and they are compared with the spectra in Figure 3a, as they are also comparable to the inner and outer layer of DSMs made of polyethylene. Indeed, among all nose wires examined, the material polypropylene predominates.





3.2. DSM Characterization as a Waste


To better understand the potential risks posed by discarded DSMs, the total analysis was performed for DSMs in the form of waste by several standards (for details, refer to Section 2.3) to identify the possible release of chemical compounds when a mask is decomposing in the environment, that according to our knowledge has not yet been carried out, but has already been recommended [18]. In accordance with Slovenian regulation [21], the presence of trace elements was analyzed. The results of the detected items are shown in Table 1. All results are in milligrams from a kilogram of dry matter. Results of other analytical methods that were carried out are shown in Table 2.



The elemental analysis that was carried out showed that 73.99% of a waste DSM without metal wires is composed of total carbon (TC), 16.43% of nitrogen (N), and 6.95% of hydrogen (H). In the same sample, 0.63% chlorine (Cl) was also detected (Table 2) which is of particular concern. It should be noted that all results are calculated on dry matter. One of the possibilities is that chlorine gets into the masks during the sterilization process. As Van Loon and colleagues note, two processes that contain chlorine-containing chemical compounds also appear in the review of possible DSM sterilization processes. These are sterilization with bleach (sodium hypochlorite solution) and chlorine dioxide gas (ClO2). The latter process is much more commonly used in practice and is very likely the reason for the presence of Cl in waste DSMs.



Based on the analysis of the metal content (Table 1), we can conclude that there is no detectable increased presence of metals in our sample. We should keep in mind that we removed the metal wires from the nose wire and analyzed only the polymer coating in the DSM mix sample. Since we provided analyses in accordance with the assessment of hazardous waste prior to incineration [21], there are no limit values. Yet, DSMs are expected to release elements (Table 1) when discarded that can contribute to the release of potentially hazardous chemicals such as Cr, with possible adverse ecological effects on wildlife, as already pointed out [7,15].



As is seen in the data in Table 2, this is a type of waste that is eminently suitable for energy use, as it has an extremely high dry matter content, while at the same time we can conclude from the loss on ignition that no significant amount of ash (less than 1%) is produced during combustion. The net calorific value is also extremely high, even exceeding the net calorific value of crude oil (42,300 kJ/kg) and being comparable to gasoline (≈44,300 kJ/kg) [36].




3.3. Toxicity Characteristic Leaching Procedure (TCLP) and Analysis of TCLP Products and Microplastic That Is Being Produced


Qualitative properties of the water and mass of isolated microplastics obtained in the TCLP are reported in Table 3. During the leaching process, most of the microplastic is released from the ear loops, followed by the inner layer, the outer layer, the filter layer, and the wire, in that order. This is reflected not only in the mass of microplastics larger than 0.2 μm left on the filter but also in the highest COD, turbidity, and conductivity of the washout fluid. These findings were also confirmed by gravimetric analysis of microplastic parts loaded on filters. The greatest mass of microplastic parts is released out of ear loops (28.9 mg) which is 0.23% of the original mass needed for the TCLP procedure. Table 3 shows that the turbidity of each DSM part decreased after filtration. A similar trend is also observed for COD, being smaller after TCLP filtration in all cases. Similarly, conductivity is lower or does not change after filtration. The release of microplastics on PESU filters increased after the TCLP in all parts of the DSM. It can be concluded that turbidity, COD, and conductivity values decrease due to removal of microplastics with the filtration process and that the presence of microplastics increases the values of these three water quality parameters.



The microplastics that were being produced and were loaded on a PESU filter with an effective pore size of 0.2 µm were examined under the optical microscope and with ATR-FTIR analysis. Results of ATR-FTIR analyses of leached microplastic particles by every part of DSM are shown in Figure 4. Pictures made with an optical microscope are shown in Figure 5.



The FTIR spectra of the microplastic produced during the TCLP differ from the FTIR spectra of the base parts of the surgical masks (refer to Figure 3). The FTIR spectra of microplastic release from the outer, inner, and filter layers (Figure 4a–c) and also from the nose wire (Figure 4e) are not consistent with the spectrum of polypropylene, showing new peaks around 3300 cm−1, 1650 cm−1 and peaks in the range of 1030–1060 cm−1. The peaks in the range from 3000 to 2800 cm−1, which are due to asymmetric and symmetric stretching vibrations of the CH2 and CH3 groups of polypropylenes, are less pronounced and the peaks at 1456 and 1376 cm−1 disappear completely in the spectra of the released microplastic. From this, we can conclude that polypropylene undergoes oxidation/degradation reactions that were confirmed with the appearance of new bands after the TCLP [16,18]. The new peak around 3300 cm−1 may correspond to hydroxyl groups, while the peaks in the range of 1030–1060 cm−1 may represent signals for C-O stretching vibrations [16]. The FTIR spectrum of microplastic released from ear loops (Figure 4d) differs from the polyamide 6 spectrum in the following two peaks: peak at 3295 and peak at 1635 cm−1. The latter may also be attributed to the oxidation process of polymeric material [16,18].



The microplastic particles in Figure 5b,d,f,h are quite similar. Most of the particles are fibers that are uniformly distributed and not superimposed. Some fibers are fragmented into particles and broken, which look like irregular spheres and cubes and are no longer fiber-like, as initial layers. Such morphology and shape of fiber-forming particles are expected because of the material from which they are leached (Figure 5a,c,e,g). In Figure 5j, the leached microparticles are different from those in the previous photographs. In this case, the particles are dislodged from nose wires (Figure 5i) and are made of hard polypropylene. The slightly orange color is probably the result of the presence of metal wire. It was shown in [15] that when other particle shapes and morphologies were compared to fiber-shaped particles, it was revealed that the latter in general tends to cause larger ecotoxicological effects.



The TCLP products of the whole DSM sample were also analyzed by SEM (Figure 6a,b). Figure 6a show particles present in the analyzed leachate before filtration, and in Figure 6b they can be seen after filtration through filters with a mesh size of 0.2 µm. Accordingly, it is to be expected that in the first photo much larger particles can be seen, most of which are fibers that are uniformly distributed and superimposed. In Figure 6b, the particles are much smaller, different shapes, and much more evenly distributed, together with plastic particles in the nm range. In fact, when a DSM decomposes into nm range fragments (the latter are shown by SEM in Figure 6b), it is of particular environmental concern, as the release of nanoplastics is accelerated to due increased surface area.



In addition, to prove the leaching of nanoplastic particles in the filtrate of whole DSM leachate, particle size distribution (PSD) analysis, which was recorded three times, was performed (Figure 6c). With this analysis, the presence of nanoscale particles released by DSMs was confirmed. The particles have an average diameter of 305 nm. The majority of the particles (87%) have a diameter of 430 nm, with a standard deviation of 196.1 nm.




3.4. Photodegradability Results by Mimicking Natural Conditions with Xenotest


In general, disposable masks are exposed to the environment after use if not properly stored as waste, which means that the various environmental conditions and their influence should be studied over time. Therefore, in the following section, the DSMs were exposed to environmental conditions using a Xenotest climate chamber. After a long period of mimicking natural conditions (i.e., light, rain, etc., see Section 2.5), the DSMs were evaluated using various characterization techniques after mimicking natural weathering and compared to the untreated DSMs. It is very hard to assess the correlation between artificial weathering and natural weathering in general, as it depends on the type of material. According to Badji et al. [37], artificial weathering in a climate chamber is comparable to a 7.35 times longer period under natural weathering in equatorial regions. Further north and south from the equator, the acceleration time will be above this value. In accordance with Badji et al.’s study, it can be concluded that 200 cycles of artificial weathering, the duration of which was 100 h, are roughly equal to 735 h or 1 month under natural weathering in the equatorial region. Unlike other studies [18], which only investigated the change in properties of disposable masks under UV light weathering conditions, this study implements real daylight, rain, and other environmental parameters typical of real conditions.



The experiments on DSMs using Xenotest revealed that the changes are dramatic after artificial weathering. As is shown in Figure 7a, photodegradation of the three-layered part after 200 repetitions of a 30 min cycle is visually apparent (DSMs decay and become friable). This could be due to changes in chemical composition and fiber structure, which could be seen in the mask fragments broken into smaller pieces. The DSM polymer becomes more fragile, releasing even more microplastics and nanoplastics. In addition, it is suspected that the mechanical strength changed and most likely decreased. The test has shown that the three-layered part of the DSM loses more than 80% of its weight after 200 repetitions under simulated natural conditions in the Xenotest chamber as is shown in Figure 7b. Six samples of the three-layered part were analyzed (B–G) and, as can be seen from the graph of mass loss, the results of photodegradation are satisfyingly precise and show repeatability. This is also the part of the mask that degrades faster than other parts (Figure 7), as weight change in ear loops after 150 repetitions was 3.37% and after 200 repetitions it was 11.14%, and that of nose wires after 150 repetitions was 0.31% and after 200 repetitions it was 0.97%. These results show a significant influence of photodegradation of the masks, contributing to an increased number of micro/nanoplastics fragments in terms of weight change, confirmed by the DLS analysis below. Aged mask fragments have already been shown to completely transform into microplastics and it was predicted that a fully aged mask would release billions of microplastic fibers into the environment [17]. However, the contribution of more problematic nanoplastics has not been considered.



FTIR analyses were performed before and after the Xenotest. The FTIR spectra changed only in the case of the three-layered part. In the case of the nose wire and ear loops, there were no visible changes in the collected spectra. Similar to the spectra collected from microplastics after the TCLP are the spectra of photodegraded DSMs (Figure 8). The FTIR spectrum of the photodegraded three-layered part does not agree with the spectrum of polypropylene and shows new peaks around 3300 cm−1, 1730 cm−1, and 1650 cm−1 and peaks in the range of 1030–1060 cm−1. Listed signals at corresponding wavenumbers are typical for O-H, C=O, C-O, etc. vibrations [16,18]. The latter indicates that polypropylene undergoes oxidation/degradation reactions, as already observed above in Figure 4.



The changes can also be seen in the TGA and DSC diagrams of the three-layer part of DSMs. The diagrams in Figure 9a,b show that 97% of the mass loss starts at lower temperatures—between 90 °C and 600 °C. The total mass loss from onset to 694.7 °C is 98.8%, in agreement with waste analysis (Table 2). Yet, after mimicking the real natural conditions in Xenotest, the three-layer part of DSMs after exposure seems less thermogravimetrically stable in comparison to virgin three-layer parts, as it loses its mass at a lower T than pristine three-layer parts. In addition, the approximate melting temperature of the DSM after the Xenotest is also lower—156 °C—as can be seen in Figure 9b. The phase transition flow T value for PP was determined to be around 160 °C [7], which coincides with our data and confirms that DSMs are mainly fabricated using PP polymer.



The simulated rainwater was collected during the test and analyzed under the optical microscope, which allowed us to isolate microplastic particles produced by photodegradation. As can be seen in Figure 10a, a DSM is degraded by photodegradation into extremely inhomogeneous microparticles, ranging from a few hundred micrometers to less than 1 µm. The formation of nanoplastics and their presence in the simulated rainwater were additionally confirmed by DLS analysis, the result of which can be seen in Figure 10b.





4. Discussion and Proposed Future Recommendations


To conclude, when we talk about DSM waste, we are talking about the waste that has been with us for a long time, but since the beginning of the epidemic, the quantities have increased dramatically. Given the volumes that are being generated, it is important to understand the wastes that we are dealing with. As we pointed out in the study, it is a homogeneous type of waste—each mask is made up of only five components and is primarily made of polypropylene. However, this should not lead us to forget about the awareness of the hazardous nature of the waste. As can be seen, this waste contains quite a high amount of Cl, which may indicate the presence of halogenated organic compounds (AOX). However, the main problem is the amount of microplastics and nanoplastics detected in this study, which are formed in a short time when this waste is exposed to natural conditions such as leaching, moisture, temperature, and UV radiation. Thus, it is highly recommended that these strategies are taken into consideration:




	
Rapid fragmentation in the environment is an additional problem if this type of waste is not properly collected and processed. Given these considerations, proper disposal of DSM waste should be a priority for the system and the public [38]. In this way, the risks posed by the disposed masks could be better assessed and they could be prevented from entering the environment. Stricter management of mask waste would be beneficial, greatly limiting the amount of masks released into the environment. Such a setting would thus contribute to the control of micro/nanoplastics in the environment.



	
A promising option that can open a new way to reduce the released fragments of micro/nanoplastics is recycling. Effective recycling could be another waste management option that would add value along with possible upgrades using various antiviral (nano)fillers. Another promising option would be to reuse the masks to minimize contamination. Reuse could be ensured by disinfection, but special care should be taken here to avoid damaging the fiber structures in the mask or reducing their efficiency in terms of protection or breathability.



	
Additional research is needed to determine the best possible way to dispose of DSM waste, whether through energy or material recovery.



	
Of particular importance would be bio-based and potentially biodegradable alternatives to current conventional plastic masks. Bio-based materials, including biopolymers, could partially or even completely replace petroleum-based polymers and in this way reduce the ecological footprint.



	
Last, but not least, more consideration should be given to ecotoxicological measures. The need to assess the risk of released micro/nanoplastics in the environment should be investigated.
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Figure 1. Composition of typical DSM with marked pieces. 
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Figure 2. Gravimetric analysis of various DSM compositions shown as a percentage with included types of nose wire and their proportion in our sample. 
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Figure 3. (a) FTIR spectra of 3-layered part of DSM; (b) FTIR spectra of different ear loops; (c) FTIR spectra of nose wires. 
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Figure 4. ATR FTIR scans of leached microplastic parts loaded on PESU filter with an effective pore size of 0.2 µm with referential scans of each part before TCLP: (a) microplastic parts out of the outer layer, (b) microplastic parts out of the inner layer, (c) microplastic parts out of filter layer (d) microplastic parts out of ear loops, and (e) microplastic parts out of nose wire. 
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Figure 5. Optical microscope scans of pristine DSM parts before TCLP (magnified 4 times) and leached microplastic parts loaded on filters after TCLP (magnified 100 times): (a) pristine outer layer, (b) microplastic parts out of the outer layer, (c) pristine filter layer, (d) microplastic parts out of the filter layer, (e) pristine inner layer, (f) microplastic parts out of inner layer, (g) pristine ear loops, (h) microplastic parts out of ear loops, (i) pristine nose wire, (j) microplastic parts out of nose wire. 
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Figure 6. Scans of micro- and nanoparticles released from whole DSM sample in TCLP process. (a) SEM image of particles loaded on the filter, (b) SEM image of filtrate, and (c) particle size distribution of filtrate. 
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Figure 7. (a) Photodegradation analysis of DSM: (b) mass loss of DSM parts exposed to artificial weathering from 0 to 200 cycles. 
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Figure 8. FTIR spectra of the 3-layered part before and after Xenotest. 
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Figure 9. TGA (a) and DSC (b) analyses of whole DSM before and after Xenotest. 
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Figure 10. (a) Obtained microplastic parts from collected simulated rainwater; (b) DLS analysis of filtered simulated rainwater. 
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Table 1. Analyzed trace elements in waste DSM without metal wire.
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	Trace Elements
	Value (mg/kg d.m.)
	Trace Elements
	Value (mg/kg d.m.)





	Ag
	<10
	In
	<10



	Al
	39.35
	Li
	<10



	As
	<3
	Mg
	78.41



	Ba
	<7
	Mn
	<8



	Bi
	<10
	Na
	50.04



	Cd
	<3
	Ni
	7.65



	Co
	<7
	Pb
	<5



	Cr
	13.09
	Se
	<3



	Cu
	15.42
	Sr
	<10



	Ga
	<10
	Ti
	<10



	Hg
	<1
	Zn
	51.97
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Table 2. Other analyses to determine waste characterization.
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	Other Analysis
	Value





	Dry matter
	>99%



	Loss on ignition
	>99%



	Net calorific value
	44,264 kJ/kg



	Gross calorific value
	45,739 kJ/kg



	PCB
	Not detected



	Cl
	0.63% d.m.



	F
	<0.2 mg/kg



	S
	<0.2 mg/kg
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Table 3. Simple qualitative properties of the water obtained in TCLP before and after filtration.
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DSM Part

	
Before Filtration

	
After Filtration

	
mmicroplastics>0.2 µm (mg)

Released on Filters




	
Turbidity (NTU)

	
Conductivity (µS/cm)

	
COD

(mg/L O₂)

	
Turbidity (NTU)

	
Conductivity (µS/cm)

	
COD

(mg/L O₂)






	
Blank

	
0.3

	
0.1

	
5.1

	
0.1

	
0.1

	
2.2

	
0




	
Outer layer

	
19.1

	
90.8

	
52.5

	
1.7

	
89.2

	
40.5

	
9.1




	
Filter layer

	
9.5

	
117.2

	
41.1

	
0.3

	
55.5

	
27.2

	
5.5




	
Inner layer

	
24.9

	
123.7

	
151.2

	
3.8

	
124.4

	
124.5

	
12.6




	
Ear loops

	
44.9

	
204.6

	
162.4

	
3.7

	
199.4

	
158.0

	
28.9




	
Nose wire

	
6.6

	
21.7

	
13.2

	
0.2

	
22.5

	
10.3

	
2




	
Whole mask

	
15.5

	
103.4

	
68.3

	
1.9

	
111.2

	
59.3

	
7.4
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