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Post-consumer polymers require viable actions to transfer value to the final consumer to reduce environmental impact. Worldwide, initiatives are being developed to promote the culture of recycling and thus reduce waste generation. These initiatives seek to make the work of thousands of people visible, encourage job creation, and promote businesses through incentive schemes for effective separation, collection, classification, reuse, and recycling, in the hands of consumers, collectors, and scavenges. It is necessary to emphasize that Mexico needs to develop techniques to increase the productivity of collection centers for recyclable materials and to face the challenges that recycling implies. For these reasons, the Mexican government has spoken of waste management as a national priority due to the COVID-19 pandemic, which increased urban solid waste between 3.3 % and 16.5 % in addition to what was generated under normal conditions. Also, the recycling chain provides economic income to more than 35 thousand Mexicans. Polyethylene terephthalate (PET) is an example of the most notable circular economy in Mexico because 60 % of PET bottles are recycled. Therefore, this article addresses the methods and systems in the management of urban solid waste. It focuses on post-consumer recycled plastic bottles to provide an overview of cost-effective strategies for designing and developing an affordable sorting system in Mexico from the academic field. In addition, to simplify the solution that we propose, it is recommended to combine optical techniques such as infrared spectroscopy and Raman spectroscopy with others methods that work together, such as computer vision, to develop affordable systems that address the limitations of mechanical systems.
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1 INTRODUCTION
The viable disposal of post-consumer polymers can be defined for this paper as the political, economic, social, and technological actions necessary to control and supply the demands of the different industries that require the use of recyclable polymers. Recycling is a continuous process and helps develop economies around the world. Generating new contributions to make the operations of transfer, classification, storage more efficient produces economic development and care for the environment (Wen et al., 2021). As the world population increases, also the viable disposal of post-consumer polymers should increase. According to data of the United Nations, the world population reached 7.7 billion in mid-2019 and estimates that the world population will be at least 8.5 billion by 2030 and 9.7 billion by 2050 (United Nations and Affairs, 2019). Thus, world population growth contributes to the exploitation of natural resources and environmental pollution. Notwithstanding, waste plastics recycling is used to make different plastic products considered low-value, like bags and toys (Qu et al., 2019). The plastic recycling rate is around 9% worldwide (Wen et al., 2021), but it varies by region. However, many benefits have been derived from the industrialization of recyclable materials, such as the generation of jobs and the reduction of energy to process them. They have also brought unwanted consequences such as creating new plastic products that are increasingly difficult to classify. In recent years, the use of plastics for domestic purposes has increased to the extent that China banned the entry of plastics for recycling (Qu et al., 2019). In addition, recyclable polymers are excellent sources of pollution in cities and seas (Shen et al., 2020). Secondly, as stated in (Jung et al., 2021), it is critical to recycle household waste and to establish circular economy policies to avoid the substantial impact on pollution. A review of urban solid waste management in China concluded that food waste dominates urban solid waste and shows that the highest proportion of waste is in food with 61.2%, polymers 9.8%, and paper 9.6% (Gu et al., 2017). Furthermore, around the world, 60 million metric tons of PET are produced per year. Twenty million metric tons are to produce bottles, which is equivalent to one million sold every minute. It is estimated that annual consumption will reach half a trillion by 2021 (Lundell and Thomas, 2020). In the Mexican industry, recycling plastic bottles directly employs around 98 thousand people and generates more than one million indirect jobs (de Coca-Cola, IMCC, 2019). Thirty-five thousand Mexicans are benefited from the collection and stockpiling. Also, atypical phenomena just as the COVID-19 worldwide pandemic increased the use of single-use plastics and reduced the recycling of plastics due to closures of non-essential activities (Ardusso et al., 2021). Various organizations and countries have set a goal for the next 10 years to reduce single-use plastics and increase the number of tons recycled (Kumagai et al., 2020). The correct classification of recovered resins can maintain properties very similar to virgin resins, so there are various applications in which developers can manipulate them for quality products. Therefore, it is worth examining available technologies and trends for producing post-consumer resins, as well as plastics identification tools and plastics separation processes. The following sections will address the existing technologies to process and classify polymers present in various fields of the industry and end with a conclusion referring to which systems could be implemented in Mexico to develop technology with affordable designs that allow managing better plastic waste.
2 THE IMPORTANCE OF POLYMERS IN THE INDUSTRY
Every year, 300 million metric tons of plastic are produced worldwide, and depending on the country, it is estimated that between 9 and 10% are recycled, 10% are burned, and 80% are discarded, or not given a second use (Lundell and Thomas, 2020). The growth of plastic production worldwide reached 280 million tons in 2011, 322 million tons in 2015, and it is estimated that by 2021 it will be around 400 to 414 million tons. This estimate does not consider the impact of COVID-19 (Sahin and Kirim, 2018), (Grigore, 2017). More than 80% of plastics in Europe are composed of PET, polystyrene (PS), polyethylene (PE), polyurethane, polyvinyl chloride (PVC), polypropylene (PP), among others. Plastics are used in various fields of industry for the different properties that allow them to be used in combination with other materials and are present in packaging materials, agriculture, automotive, and building construction (Thakur et al., 2018). Thermoplastic polymers such as polyetheretherketone (PEEK), poly (methyl methacrylate) (PMMA), and polyimide (PI) are widely used in the fields of aerospace, optical engineering, and biological engineering industry (Yan et al., 2021). In the electronics industry, the presence of polymers is mainly based on styrenes such as PS, acrylonitrile butadiene styrene (ABS), and high-impact polystyrene (HIPS). Cars have up to 27 different types of plastics (Buekens and Zhou, 2014), but ABS and PP are the two most widely used plastics in the automotive industry (Camacho and Karlsson, 2001). In comparison, more than 150 resins and 230 types of additives are reportedly manufactured (Kumagai et al., 2020). It should be noted that plastic recycling developments from electronic components are increasing. Such is the case in (Grigorescu et al., 2020) that generates thermoplastic compounds based on recycled polypropylene and waste printed circuit boards. In (Jaidev et al., 2021), they use computer keyboards to formulate a mixture and promote recycling in electronic waste applying a methodology to improve the properties of polymers and return to the supply chain. In recycling solid plastic waste, there are methods for electronic materials when they end their life cycle with the possibility that they can be recycled. In addition, most electronic waste is mixed with metals that have a high value for the recycling industry (Qu et al., 2006).
2.1 The Gap Between Countries Without Infrastructure to Process Their Solid Waste
Most industrial countries with advanced waste management systems are far from adequately collecting and recycling disposable polymers. That is why in the last decade, one of their actions has been to send their waste to Asian countries to classify, clean, and process it. One of the essential consequences was that China banned importing 24 types of solid waste, including plastic waste. Some Asian countries and regions experienced significant increases in imports of plastic waste from 2016 to 2018. Asian countries are beginning to limit imports of plastic waste from other countries (Liang et al., 2021; Wen et al., 2021). The prohibitions by China can be understood because of the Jiangcungou landfill in the Shaanxi province that received 10,000 tons of waste per day. For that reason, the mega-landfill was filled 25 years earlier than estimated (Lundell and Thomas, 2020). There is a large gap between countries regarding treatment systems and technical advances in plastic waste management. Waste disposal in developing countries has a higher environmental cost this implies that the countries that exported their waste must take the necessary measures to collect and properly recycle disposable polymers. Mexico, being a developing country, requires joining efforts to face this problem of plastic waste (Qu et al., 2019). In general, current recovery technologies do not include the previous treatment of the waste. Each technology varies and depends on the material being treated because these may need different previous treatments to separate and purify the waste. The level of scrubbing that the polymers can achieve through pretreatment technologies directly affects the potential for waste recovery (van Ewijk et al., 2018). There is research aimed at finding better ways to live with polymers and propose alternatives to replace them and thus reduce their use or use their physical and mechanical properties (Ren et al., 2015). The construction field has shown interest in finding applications in thermal insulation using post-consumer PET physical and mechanical properties (Foti and Lerna, 2020). In (Foti, 2016) they experimented with plastic waste, using them as structural reinforcement elements to be applied in buildings and structures. Current trends seek to begin to value the use of new and sustainable raw materials such as biomass (Langsdorf et al., 2021) and degradation and biodegradation techniques (Grigore, 2017; Wang et al., 2019a). In such a way that in the following decades, the classification and treatment of polymers will continue to be topics of interest to develop technological systems that help reduce the contamination of polymers.
2.2 Importance of Polymers Classification
In Mexico, separating ferrous, non-ferrous materials and paper, cardboard from polymers, among other materials from mixed waste, requires a large amount of labor. Therefore, the proper classification of polymers in developing countries represents an economic activity for individuals and corporations that contribute to the collection, storage, transfer, and processing of different recyclable materials (de Coca-Cola, IMCC, 2019; Qu et al., 2019; cuentame.inegi.org.mx, 2020). More than 44 million tons of waste are generated annually, and the figure is expected to increase to 65 million by 2030. In Mexico, only 5% is recycled or recovered, equivalent to about 2.2 million tons yearly (Josefa González Blanco Ortíz Mena, 2019). China’s ban on plastics imports causes a shortage of recycled materials, leading to higher product prices throughout the supply chain. The dependence on recycled materials from foreign waste in various countries globally, including Mexico, could lead these countries to switch to raw materials or household waste (Qu et al., 2019). In Mexico, as of January 1st, 2021, through the Ministry of Environment and Natural Resources, the import and export of plastic waste are restricted by the Plastics Amendment of the Basel Convention. The preceding is by the trade policies implemented in recent years by several countries to curtail the introduction of plastic waste (de Medio Ambiente y Recursos Naturales, 2021). Therefore, Latin American developing countries require systems that provide solutions to move, classify and process solid waste after its useful life (Villegas Pinuer et al., 2021).
3 METHODS FOR HANDLING SOLID PLASTIC WASTE
According to a World Bank report published in 2012 (Hoornweg and Bhada-Tata, 2012; Fazeli et al., 2016), the generation of urban solid waste worldwide reached 1.3 billion tonnes per year. In 2025 and 2050, it is expected to increase to 2.2 billion tonnes per year and 4.2 billion tonnes per year (Fazeli et al., 2016). Each country must develop public policies in the area of handling plastic waste. Methods and developments must adapt and evolve by region, such as the case of landfills in Mexico, which can be official or clandestine, in which polymers are dumped along with the organic waste. There are methods to manipulate plastic waste, such as incineration, but they directly affect the environment because they form harmful ash and carbon dioxide (Sharma et al., 2020). Another example is the handling of plastic waste in incineration, and landfills woven from PET fiber enter the biosphere carbon dioxide (Chu et al., 2021). Another method is chemical recycling, in which plastic waste is converted into chemical raw materials and even fuels, as well as mechanical recycling methods used to form the product with the same characteristics of a virgin resin (Thakur et al., 2018) and the method by disassembling electronic waste housings (Qu et al., 2006). Recycling rates decrease with a low population density in rural communities. They occur due to the distance from recycling centers, which contributes to recycling not adding to a circular economy (Kreiger et al., 2013).
3.1 Landfills in Mexico
Worldwide annually, around 150 million tons of plastics end up in landfills (Ragaert et al., 2017). Open landfills are 23 times more dangerous to the environment than carbon dioxide (Chowdhury, 2021). PET bottles in landfills release and disperse the hydrosphere, pedosphere, and atmosphere more than 1,108 tons of antimony (Chu et al., 2021). Landfill gas is estimated to account for more than half of greenhouse gas emissions, yet it remains a popular form of solid waste management worldwide (Majdinasab and Yuan, 2017). A PET bottle takes around 500 years to decompose in landfills, whereas a bottle in the ocean will decompose into micro-plastics that will last 500 years (Lundell and Thomas, 2020). The municipalities in Mexico are in charge of the functions of integral management of urban solid waste, see Table 1, which consists of the collection, transfer, treatment, and final disposal. Still, they lack projects that guarantee integral management of urban solid waste (de Medio Ambiente y Recursos Naturales, 2020). Therefore, in Mexico, there are efforts to identify potential areas for the location of landfills (Saldaña Durán and Nájera González, 2019), despite the environmental impact they entail. On the other hand, there are also efforts to design semi-automatic systems for the reuse of recyclable materials such as glass, a material that is not as valued (Guerrero et al., 2021). Mexico generated 102,895 tons of waste daily in 2017. 83.93% of tons of waste was collected, and 78.54% was transferred to final disposal sites, unlike countries such as Switzerland, the Netherlands, Germany, Belgium, Sweden, Austria, and Denmark; where the final disposal of waste is less than 5% in sanitary landfills. It is estimated that in Mexico, the 16.07% of tons of waste that is not collected plus the 5.39% that has a separation process by the government contributes to the recycling of only 9.63% of the waste generated (de Medio Ambiente y Recursos Naturales, 2017b). Europe has shown an increase in recycling and energy recovery, which has resulted in less waste being thrown into landfills (Ragaert et al., 2017). The environment requires initiatives from society to generate a positive impact, and it is imperative to improve the classification of waste that reaches landfills. For example, in (Turner and Filella, 2021), it is proposed that garbage be classified as hazards depending on the concentrations of lead they have, mainly in plastics that have already been recycled to avoid that these contaminate other materials and natural resources such as air, soil, and water.
TABLE 1 | Basic diagnosis for the integral management of waste in Mexico.
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Modern incineration plants, economically speaking, are very profitable because they can run continuously all year round with only one or two scheduled shutdowns (Buekens and Zhou, 2014). The incineration of mixed plastic waste has significant consequences on the environment because it releases toxic substances into the air, such as dioxins, a severe and persistent environmental pollutant (Grigore, 2017; Jeswani et al., 2021). Incineration is classified into two main categories, the method of combustion and gasification (Al-Salem et al., 2009). The incineration industry in which plastic waste is burned is used to generate electrical energy. It is accepted as a low-cost energy source and an adequate waste disposal method since no initial sorting is necessary of the material (Sadat-Shojai and Bakhshandeh, 2011; Sahin and Kirim, 2018). Polymers have a higher calorific value than carbon. A ton of plastics represents 1.3 tons of carbon (Kang and Schoenung, 2005). In 2013, of the 78 million tons produced for plastic packaging, 14% was used for incineration worldwide. Japan reported in 2018 more than 5 million tons of household plastic waste to generate energy (Kumagai et al., 2020). In the United States, only 12.5% of municipal solid waste is incinerated. It is estimated that the industry will grow at an annual rate of 5%, generated by the increases in solid waste. Still, since the use of incineration varies widely throughout the world, the estimate may vary. In Europe, there are around 231 incinerators in operation, and as of 2016, 41.6% of plastic waste is burned. China has 300 operating plants, and another 103 are being built or planned (David Azoulay, CIEL et al., 2019). In Morris (2005), a study was carried out comparing residential recycling with the collection and disposal of those same materials in a waste-to-energy combustion facility used to generate electricity for sale in the regional energy network as well as with the gas generated by landfills, and they showed that recycling recyclable materials saves more energy than landfills and incineration. Recycling plastic bottles has more advantages despite the use of fuel and energy involved in transporting, sorting, storing, and cleaning them (Grigore, 2017; Hull et al., 2020). Table 2 summarizes the incineration and landfill method and the environmental consequences if it continues to be implemented in Mexico.
TABLE 2 | Urban solid waste management in Mexico.
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Conventional mechanical recycling is the physical-mechanical process of recovering solid plastic waste that can be mechanically manufactured. The more complex and polluted the waste is, often contaminated with food particles, the more difficult it is to recycle it mechanically (Ragaert et al., 2017). The separation, washing, and waste preparation are essential to produce high-quality end products using mechanical recycling (Al-Salem et al., 2009). Such is the case of the disassembly of plastic components in electronics that with a suitable classification, the purity of the resins can be improved, and the value of the recycled resins increases (Qu et al., 2006). Mechanical recycling uses plastic which is collected, separated, cleaned, crushed, pelletized, and enters conversion and injection processing cycles, then re-processed and mixed to produce a new component, but without modifying the chemical composition of the material (Sadat-Shojai and Bakhshandeh, 2011; Hamad et al., 2013; Grigore, 2017; Jeswani et al., 2021). Recyclable polymers change their properties due to the treatments and substances to which they are exposed, such as wetting agents that have been shown to alter the buoyancy of polymeric materials (Wang et al., 2014). A complication in industrial processing involves a series of mechanical treatments that in recyclable car parts, aging affects hydrophobicity, and if flotation systems are used, it can be further affected (Fraunholcz, 2004). Although thermoplastic waste can lose its initial properties approximately between 70 and 80%, with the proper additive treatment, it can regain its initial properties (Al-Salem et al., 2009). Due to the low cost of mechanical recycling, most PET fibers waste is recycled in this way. It is important to emphasize that both mechanical recycling and incineration, when processing PET, release around 784,284 tons of antimony into the atmosphere (Chu et al., 2021). In the same way, depositing waste to the landfill or processing it through mechanical recycling also negatively impacts the environment.
3.4 Chemical Recycling
Chemical recycling uses advanced technology processes that convert plastic materials. Chemical recycling is exclusive to plastics, although various investigations use it to apply it to biomass. Chemical recycling consists of the depolymerization of polymers into monomers, decomposing the molecules of plastics into raw materials (Hamad et al., 2013) that can be used generally in liquids or gases, which are suitable for use as raw material for the production of new petrochemicals and plastics (Al-Salem et al., 2009). Twelve chemical reactions are used to decompose polymers. The already commercialized techniques are glycolysis and methanolysis, but for degradation research questions, pyrolysis and gasification stand out (Buekens and Zhou, 2014; Wang et al., 2014; Grigore, 2017). Likewise, pyrolysis is the most attractive technology (Sahin and Kirim, 2018; Kumagai et al., 2020). In pyrolysis, plastics are crushed and subsequently melted to be refined and converted into diesel, and other petrochemical products (Horvat and Ng, 1999). A study in Jeswani et al. (2021) suggests that pyrolysis has up to 50% less impact on climate change compared to energy recovery, mechanical recycling, and the production of virgin fossil resources. The creation of these new plastics used less oxygen than gasification. In chemolysis, the PET waste can be converted to monomers and polymerized again, but it requires a prior selection of materials and high quality. It applies to specific condensation polymers such as polyesters, polyurethanes, polyamides, and polyacetals. This method would imply a higher cost (Lin et al., 2011; Ragaert et al., 2017). Another way of converting waste into energy is by the gasification method that melts plastics with oxygen and steam at temperatures between 1,200 and 1,500°C. It does not generate toxins such as dioxins or furans (Ragaert et al., 2017). Despite these benefits, gasification plants are not competitive when compared to the low prices of natural gas. Chemical recycling is an alternative to recycling that eliminates some of the limitations of mechanical recycling and incineration, but with the restriction that chemical recycling has higher costs and requirements for its implementation (Hamad et al., 2013; Grigore, 2017). If the environmental impact of implementing this method in PET recycling is taken into account, it releases less than 25 tons of antimony into the atmosphere. By way of conclusion, the amount of PET tissue recycled through mechanical recycling is 7,264,360 tons, the incineration of PET is 2,636,459 tons, and the amount of PET that was chemically recycled was the lowest with 228,106 tons (Chu et al., 2021).
3.5 Recycling of Plastics by Disassembling Electronics
A press release issued by the Secretaría de Medio Ambiente y Recursos Naturales (SEMARNAT) reported that around 1.1 million tons of electronic and electrical waste is produced annually in Mexico, and a growth of 17% is estimated for 2026. In 2019, global e-waste production reached 53.6 million tons. Electronic waste, for its different components, is a source of toxic metals and various pollutants. Electronic products contain polychlorinated biphenyls, lead, cadmium, and mercury, as well as gold, palladium, copper, bronze, aluminum, and plastics. In addition, there is the possibility that various outdated electronic devices can be reused for research or academic development (Kang and Schoenung, 2005). Electronic waste grows at an annual rate of approximately 2 million tons. Only 17.4% of the world’s electronic waste was recycled, and 82.6% was left untreated or processed informally (Nithya et al., 2021). Every year, millions of electronic products reach the end of their useful life and represent thousands of tons of thermoplastics such as ABS, HIPS, and others (Qu et al., 2006). Electrical and electronic equipment can fall into two categories: reusable equipment that conserves useful parts and recyclable equipment (Kang and Schoenung, 2005). The waste management, construction industries, electrical and electronic equipment are pioneers in implementing the circular economy (Mhatre et al., 2021). The two main types of plastic resins used in electronics are thermosets and thermoplastics. Due to their insulating properties and malleability, polymers have a wide variety of applications in electronic devices. Proper handling and processing of polymers in electronics can be sold for dollars per pound, compared to pennies per pound for PET bottles (Kang and Schoenung, 2005). There are more than ten types of plastics found in electronics. The two plastics most used in the electronics industry are HIPS (56% by weight) and ABS (20% by weight) (Arola et al., 1999; Kang and Schoenung, 2005; Qu et al., 2006; Grigorescu et al., 2019). Polyolefin plastics are recyclable and represent half of all plastics such as HDPE, LDPE, and PP (Kumagai et al., 2020).
4 TECHNOLOGIES FOR THE CLASSIFICATION OF POLYMERS
Various technologies are available to process and classify polymers, including disassembling plastics into electronic products (Williams, 2006). The recycling process has several stages, and one of these stages is called pre-classification and is carried out mainly in collection centers in Mexico. Most of the recycling centers for electronic products and various materials choose the manual classification and manual disassembly. In Mexico, these recycling centers even lack power tools to carry out this activity. The collection centers find it challenging to identify what type of plastic it is, so they apply various tests to determine how to burn the plastic. In Grigorescu et al. (2019), show results and techniques of how to identify plastics by considering the color of the flame, the intensity of the flame, smell, color of the smoke, as well as the type of ash. It is widely known that jobs that are carried out manually translate into high costs. This means that for developing countries like Mexico, it represents low profitability, and as a consequence, the circular economy grows slowly, and an impact is not reflected in the region.
4.1 Plastics Identification Technologies
For the identification of plastics, there are technologies and methods. Manual identification methods are carried out by detecting their codes. Others analyze their physical and chemical properties such as their density, solubility, rigidity, flexibility, thermal analysis, incineration, optical identification with tracers, eddy current separation, spectroscopy, surface free energy, surface roughness, and its chemical structure. To identify the physical properties of polymers, non-destructive techniques can be implemented to analyze surfaces by studying spectra. Separation can be automated using infrared spectroscopy, X-ray fluorescence spectroscopy, and Raman spectroscopy (Allen et al., 1999; Ahmad, 2004; Williams, 2006; Buekens and Zhou, 2014; Ragaert et al., 2017; Shameem et al., 2017; Wang et al., 2019a; Grigorescu et al., 2019; Belyamani et al., 2021; Turner and Filella, 2021). An outstanding feature that should be considered before choosing which spectroscopy to work with is identifying the application and needs because each technique has advantages and limitations. For example, X-ray fluorescence spectroscopy is widely used for the benefits of separating PET from PVC with high precision but not recommended with other plastics (Carroll, 1994; Qu et al., 2006; Sadat-Shojai and Bakhshandeh, 2011). On the other hand, infrared spectroscopy has positioned itself to identify the leading recyclable plastics. Its implementation lies in the identification that occurs in polymers when there is a loss in radiation intensity when passing through plastics and the plastics’ properties that reflect light. Two infrared ranges are mainly used to identify recyclable plastics, the near-infrared NIR and the mid-infrared MIR (Florestan et al., 1994; Arola et al., 1999; Grigorescu et al., 2019; Rani et al., 2019). NIR spectroscopy reliably identifies five types of post-consumer plastics compared to MIR spectroscopy which is sensitive to the surface conditions of the plastic, which implies a limitation in the identification in post-consumer bottles. The vast majority of bottles may have different surface conditions that would prevent MIR spectroscopy from being an excellent option to implement (Florestan et al., 1994). NIR spectroscopy can quickly identify PET, PVC, PE, PS, and PP (Camacho and Karlsson, 2001), but placing dark-colored plastics such as those found in the automotive industry is not recommended (Qu et al., 2006; Šuštar et al., 2014). In contrast, Raman spectroscopy is a technique that reliably identifies plastics based on their vibration signatures. Under the right conditions and using a low-power laser, Raman spectroscopy can identify dark-colored plastics. It can also reliably identify rough-surfaced plastics, plastic powders, and even mineral fillers, as well as naturally colored plastics in less than a second between neighboring plastics (Allen et al., 1999; Florestan et al., 1994; Kumar et al., 2000). Although Raman spectroscopy has multiple advantages, it is necessary to control different factors to be automated in an industrial environment. Various investigations focused on previous technologies that can be developed to identify various forms of plastic parts that require disassembly in household appliances.
4.2 Mechanical Plastic Separation Technologies
For automation in the separation of materials, mechanical techniques can be based on density, solubility, visual, optical classification, air classification, hydro cyclone, flotation method, float-sump separation, foam-flotation separation, flame treatment and flotation, and electrostatic separation as a cost-effective alternative using a Tribo electrostatic process (Pascoe and O’Connell, 2003; Kang and Schoenung, 2005; Williams, 2006; Park et al., 2007; Sadat-Shojai and Bakhshandeh, 2011; Boukhoulda et al., 2013; Wang et al., 2019a; Benabderrahmane et al., 2020). There are processes of free-fall electrostatic separators under other particle charge distributions, which can be coupled to the needs and material with which one works (Wei and Realff, 2003; Benabderrahmane et al., 2020). It is advisable to combine mechanical sorting methods to increase efficiencies, such as air sorting and hydro cyclone, separating the lighter particles from the heavier ones using air and water. The efficiency of the separation depends on the difference in density and the uniformity of the size of the particles, and the same effect occurs with flotation systems in general (Super et al., 1993; Shent et al., 1999; Fraunholcz, 2004; Grigorescu et al., 2019).
5 INFRASTRUCTURE AND TECHNOLOGICAL OPTIONS FOR MEXICO
The development and implementation of technologies focusing on the classification and production of pure post-consumer resins from plastic waste, whether it comes from homes, industry, landfills, and electronics, are of great importance to maintain the circular economy and return materials to the system. The recyclable material available for processing depends on factors that vary by different factors such as the season of the year and the quality, the cost of sorting, and regeneration (Sadat-Shojai and Bakhshandeh, 2011). Manual plastics sorting and electronic housing disassembly tools to separate metals and materials that contaminate plastics are the most widely used techniques due to their low cost and a large amount of labor. The diversity of electronic and plastic products is constantly changing, and infrastructure is required in each country to meet this challenge. Recycling centers and separation centers face this problem every day. Therefore, precise identification technologies are needed to determine the type of plastic in different plastic products.
5.1 Infrastructure in Waste Management
In Mexico, a guide was established that presents the iconography for eight different wastes grouped into two classifications: primary (organic and inorganic) and secondary (paper, plastic, metal, glass, wood, and fabric) (de Medio Ambiente y Recursos Naturales, 2017a). Since 2008, through the SEMARNAT, Mexico developed a program to establish an environmental policy for waste, promoting the prevention and comprehensive management of waste through prevention, separation, reuse, and recycling. Despite these efforts, it is unclear whether the program produced any results for implementing viable waste disposal. In the 32 states of Mexico in 2010, around 1,440 collection centers were reported in which automotive oil, vegetable oil, tires, electrical appliances, multi-layer containers (tetrapak), aluminum wrappers, books, wood, metals, demolition material, paper, cardboard, paraffin, wax, batteries, batteries, accumulators, plastics, electronic waste, toner, particular waste, organic waste, sanitary waste, glass among others. Table 3 shows the number of recycling centers for plastic and electronic waste in the various states of Mexico (de Medio Ambiente y Recursos Naturales, 2010). In Mexico, there is little infrastructure for adequate recycling processes. There are various alternatives that Mexico can follow to minimize the impact of the lack of infrastructure by copying models from other countries and with policies that benefit the population. For example, in (Nagurney and Toyasaki, 2005), an algorithm was proposed to analyze and calculate solutions taking electronic waste factors as processors, recyclers, and consumers to reverse the problems of the supply chain network for the management and recycling of electronic waste that can serve as a reference to be implemented in Mexico (Nagurney and Toyasaki, 2005). There is also research in developing methodologies that facilitate engineering students’ learning to develop skills in a control loop design. Such efforts are necessary to train human capital that provides automation ideas from new methods even focused on plastic waste solutions (Torres-Salinas et al., 2020). Table 4 describes some methods that can be generated at an academic level to contribute to the technological development of Mexico.
TABLE 3 | The infrastructure of the main states of Mexico where People can recycle plastic and electronics.
[image: Table 3]TABLE 4 | Summary of the existing methods and technological options in the management of post-consumer plastic waste.
[image: Table 4]5.2 Technological Options to Develop Post-Consumer PET Bottle Classification Systems in Mexico
On May 17th, 2021, through a press release by the Mexican Coca-Cola Industry, it was reported that they generate more than 2,900 direct jobs and more than 35 thousand indirect ones within the recycling chain. A large number of plastic bottles generated worldwide requires systems that detect the properties of the containers and discard other materials at high speed. There are automated technologies for classifying plastic bottles. These technologies do not apply to most plastics due to the variety of sizes, shapes, coatings, paint of plastics, thickness, and opacity of plastics, making it challenging to use techniques for classification (Kang and Schoenung, 2005). For the classification of plastic bottles, certain technologies crush the bottles to sort two types of material. The system, employing friction, generates that the materials have negative and positive charges later to separate them by an electric field (Hamad et al., 2013). They can also be separated by their density from the plastic, although it has several non-viable implications because the polymers have very similar densities (Al-Salem et al., 2009). Commercially some companies manufacture and distribute classification systems, see Table 5, such as the BottleSort system that detects any material that does not meet a specific size. The method removes contaminants in its first stage, and then a pneumatic system is activated to separate the bottles and place them on a high-speed conveyor belt. The conveyor belt carries the bottles to a 16 infrared detection unit and processes more than 5,000 readings per second. The classification of the resins is done in less than 5 milliseconds. After identification, the bottle is transported to the location where it is placed in a container, and the bottle is expelled by air. This system can identify transparent PET from green PET (Milgrom, 1994; Bruno, 2000). The Poly-Sort system has similar characteristics to the BottleSort system, which refers to the separation of plastic containers that need to be ordered individually. The bottles go through a vibration system that eliminates contaminants with near-infrared sensors. The identification speed is 15 times per second in less than 19 milliseconds and complementing the system with a camera that processes colors so that a light Strobe allows the identification of the color of each bottle. If a material is not identified, it is taken to a container at the end of the belt (Bruno, 2000; Bob Graham of Entec Consulting Ltd., 2006). Another automatic system for the separation of plastic resins is Near-infrared reflectance spectroscopy. This identification method consists of two filters and is capable of distinguishing between PET, HDPE, PVC, PP, and PS (Scott, 1995). Filters make it possible to distinguish between labels and caps, but it is not suitable for identifying dark colors. The biggest problem with the two-filter method is limiting the wavelength region of the light and the acquisition of the data obtained employing two Indium-Gallium-Arsenide photodiodes (Masoumi and Safavi, 2012). The reflection and transmission of X-rays are similar to the infrared spectroscopic method, and depending on the application, it turns out to be considered another classification option. The separation consists of the entrance of plastic and, through waves, the object’s response is studied when working with the use of the X-ray spectrum that consists of transmission and reflection. This method is highly recommended to detect PVC. Similarly, the VS-2 system has a capacity of 200 analyzes per second and classifies two to three bottles per second (Bruno, 2000; Foundation, 2015). Most of the prevailing techniques for classifying plastics are based on the near-infrared spectroscopy method because each plastic has an absorbed wavelength in its spectra (Safavi et al., 2010; House et al., 2011). Classification systems show a trend in methods that use the principle of image processing that uses combinations of various techniques such as principal component analysis, spectroscopy (Rani et al., 2019), and Hough transform (Duda and Hart, 1972; Prasad and Vinu, 2012). Another technique used to classify plastic bottles is by extracting their characteristics in the intensity of the image and support vector machine (SVM), one of the leading classification techniques used in various classification applications (Nawrocky et al., 2010; Sanchez-Reyes et al., 2021). It can also find an approximation of the containers with morphological operations to describe the structure or shape of the image (Shahbudin et al., 2010). As well as implementing a set of classification algorithms based on the statistical learning theory better known as Machine learning, this modality can be understood as algorithms that learn from the data entered by a person (Yi and Guo-Ji, 2005) and are implemented in various applications. Systems developed in intelligent machines that classify bottles in real-time are used for their benefit. For example, a plan was implemented using an FPGA in (House et al., 2011). Other systems combine infrared spectroscopy with neural networks to identify PET, HDPE, LDPE, PVC, PP, and PS (Huth-Fehre et al., 1995; Allen et al., 1999; Shameem et al., 2017). Each of the described methods uses different classification tools themselves that provide advantages and disadvantages; see Table 6. Therefore, they give us a reference to the trend in the implementation of a high-speed classification system. Each of the commercially available classification methods and current methods has different characteristics, designs, and implementation costs. On the other hand, these automated systems have a very high investment grade. The implementation of these automated systems is between 186,000 and 230,000 dollars (Bob Graham of Entec Consulting Ltd., 2006; Wang et al., 2019b). Mexico is a country of culture and with different ways of facing challenges. It differs according to state resources, geographical position, state development in technology, and the availability of each municipality to face plastic waste management. The implementation of technology with an affordable approach in the classification of plastics that can be implemented in collection centers in Mexico should consider combining mechanical recycling and other types of recycling, seeking a balance in the available options.
TABLE 5 | Commercial systems for the classification of different types of recyclable plastics.
[image: Table 5]TABLE 6 | Comparison of current methods for identifying plastic bottles using various machine learning techniques.
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Recent research proposes new methods such as the principle of image processing, using combinations of various techniques such as principal component analysis, NIR spectroscopy, Rama (Serranti et al., 2011; Shameem et al., 2017; Rani et al., 2019) and Hough transform (Duda and Hart, 1972). One of the limitations of this method is the conditions at the time of taking a photograph, the variation in the light, resolution, background, and the camera’s distance to obtain an accuracy greater than 95% (Prasad and Vinu, 2012). Spectroscopy and PCA are also used with the principle of optical sorting, and they can distinguish plastics through color (Serranti et al., 2011; Wang et al., 2019a). Some of these systems are based on the multiple correlation method for the classification of PET and non-PET bottles, photos are taken, and the correlation of each image of the PET bottle is calculated from histograms of the colors red, green, and blue from each bottle. The test uses 200 images of plastic bottles, 100 images of PET bottles, and 100 images other than PET, with 93.33% identification results (Inrawong et al., 2016). In Suzaimah et al. (2008), it is proposed to convert the images to grayscale. The main characteristics are extracted from the image ending with the linear discriminant analysis method, obtaining a pressure of 97.5%. These methods allow discriminating the bottles that have a different color (Scavino et al., 2009; Wang et al., 2019b). It is necessary to consider environmental factors in (Salazar-Colores et al., 2019) to implement such systems. A restoration algorithm is proposed to reduce the effects of environmental pollution in image processing. Another technique used to classify plastic bottles is by extracting their characteristics in the intensity of the image, and they are detected with a support vector machine. The method is robust to the factors of bottle size, shape, label types, and deformation. Its focus is on rotation, translation, and invariable scaling because it uses features derived from image histograms. The system achieves an accuracy of over 96% using grayscale images from the camera (Nawrocky et al., 2010). An approximation of packaging can also be found with morphological operations to describe the structure or shape of the image, using the two-dimensional description of the silhouette of plastic bottles. The edge of the outlines of objects is detected by the erosion process and the vector feature extraction process using SVM, which is used to classify the image of two groups. As a result, a performance of more than 90% precision is obtained (Shahbudin et al., 2010). A system that classifies bottles in real-time using FPGA was proposed in (House et al., 2011). The method proposes to identify two types of materials. At high speed in real-time, PET and tetra pack bottles automatically locate the regions with the highest probability of containing these materials within the image and removes the background from the image. A histogram is created for the extraction of features from the image and is used to classify the bottles using SVM. They report that the method has 93% recognition and is capable of working with speed. Other systems are based on the use of infrared spectroscopy neural with networks in conjunction for the efficient identification of polymers (Huth-Fehre et al., 1995; Shameem et al., 2017). Each of the described methods uses machine learning in the same way. They provide advantages and disadvantages. See Table 6.
7 ANALYSIS AND CONCLUSION
Mexico faces great challenges in solid waste management and automated classification complicated by the variety of pollutants that can cause misidentification. Different plastics are spliced or bonded. Another limitation is the coatings and designs with geometries that differ significantly from the conventional ones. Mexico needs to develop systems that allow collection and separation centers to be more profitable to increase the recycling rate. We could say that currently there are two ways to classify the different types of plastics: individualized feeding systems that require the objects to be fed to a method of sensors that pass one by one, and mass feeding systems that require the flow of solids to be spread out on a conveyor belt. Both of these systems require that the bottles pass through the measuring system more than once. Each of the investigated classification methods has different capacities and costs that can be modified for collection centers in Mexico. Systems that detect bottle size and have the highest speeds use a more significant number of infrared sensors but do not detect the label, cap, or waste inside the bottle. Systems that consider the type of color of the bottle order them individually, making the system slower and using infrared sensors. Others rely on the frequency of a strobe light to improve plastics detection. When working with X-rays, higher speeds are obtained, but it is only recommended for materials such as PVC. The trend is inclined in the systems that use the Near-Infrared spectroscopy and Raman method to detect various plastics. They can limit the working region of the wavelength. Mexico needs to develop a classification system with an affordable design for collection centers. It is advisable to combine spectroscopy with other methods that work together, such as image processing, to resolve limitations.
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Technological options for sorting recyclable materials
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