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			Abstract

			Poly vinyl chloride (PVC) is a thermoplastic of about 800-1500 monomer units long. Due to its low cost, desirable properties and versatility, PVC can be processed into a wide range of short-life products. As a result of increasing consumption of PVC-made products, the quantity of used PVC items entering the waste stream is gradually increased. One application of PVC is as either a thin or thick coating for flexible polyester advertising banners. PVC-coated banners are particularly challenging for recycling, as the PVC is bonded to another polymer, usually polyester. The whole life cycle of polyvinyl chloride banner industry releases a lot of solid wastes, air wastes, water wastes and other environmental toxins. Cross-linking, thermooxidative degradation of polymer and plasticizers, polymer dehydrochlorination, and diffusional desorption of a plasticizer occurs in aged PVC materials. Biodegradation of PVC leads to reduction of polymer molecular weight due to the shortening of the polymer chains and elimination of their fragments. Microorganisms are capable of degrading inorganic and organic materials, and interest has been aroused to study microbes for their ability to degrade synthetic polymers. The replacement of slowly degradable materials with biodegradable materials is other ecological alternative addressing the problem of waste surging in the environment caused by vinyl banners.
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			Introduction

			Polymers are the molecules whose structure contains multiple repeating units, which results into a compound of high relative molecular mass and associated properties. Features of synthetic polymers such as chemical, physical and biological inertness, durability, low density and low cost has made their production efficient and easy, resulting in their accumulation in the environment [1,2]. The most widely used polymers contributing to plastic waste are polyethylene, polyvinyl chloride, polystyrene and polypropylene [3]. Polymer degradation and recycling is intended to prevent the environmental pollution caused by their production as they are often disposed in landfills or water. Sustainable development is a worldwide strategy considering ecological, economic, and social issues. The printing industry creates traditionally short-term products, such as newspapers, magazines, and packaging. The printing techniques like flexographic, offset, and digital printing, for a specific printed product gives some general information about the potential impact of printed products. Thus, the technological background of the production of printed products has an essential influence on the main contributors, like energy, materials, and hazardous waste [4].

			Aging of polymers

			Aging is a process causing structural changes in the material and in its chemical composition as well as reduction of its molecular weight, leading to changes in the functional properties 

of a polymer. As a result of aging processes, polymers undergo thermal, oxidative, chemical, radiation, mechanical, or biological degradations.

			Spontaneous and artificial aging

			Spontaneous (natural) progress is very slow, but irreversible and unstoppable. It can be caused by external (environmental) and internal factors. The first one includes light, ionizing radiation, electric, electromagnetic and ultrasonic fields, heat, physically or chemically active media and microorganisms. Internal factors include, for example, composition of the material and its structure or way of production, as well as internal stress in the material, presence of a catalyst, cracks, reactive groups, or weak bonds. Artificial aging is intended to produce time dependent changes in much shorter time than during the natural process. Properties of materials depend on factors such as temperature, humidity, and light, especially in the UV region, as well as the action of gases.

			Degradation process

			Degradation is a change in the structure of the polymeric material as a result of shortening its chain; that is, the distribution of macromolecules into fragments of lower molecular weight. The degradation may be either chemical or physical in nature. Typically, these changes are irreversible as a result of chemical reactions, such as cross-linking, thermal oxidation, chain breaking, or destruction. Other processes include depolymerization, adsorption, absorption, desorption, or transformation of a group of atoms. Main factors causing degradation are radiation, oxidation, and temperature.

			Abiotic and biotic degradation

			Abiotic processes take place under the influence of mechanical forces, electromagnetic radiation, heat, or active compounds. In biotic process, the degradation occurs as a result of the activity of biological agents, in particular, enzymes produced by fungi and bacteria. 

			Degradation mechanisms of polymer materials

			Radiation: Photodegradation is a process that changes the basic structure of a polymer by cross-linking, chain scission, and oxidative processes. Photooxidation is a process that occurs mainly on the surface of the material. Thickness of polymer films or plates is an important factor in photodegradation process [5]. High-energy radiation also leads to radiation degradation of polymers. It is caused by interaction of photons of x-rays and γ-rays in the polymer.

			[image: ]

			Chemical degradation: Chemical degradation processes are a result of direct action of various chemical compounds on a polymeric material. Chemical agents may include: acids, alkalis, solvents, or reactive gases (Figure 1).

			Oxidative degradation: Oxidative degradation involves the disintegration of macromolecules by the action of oxygen on the substrate. Free radicals are formed and react with each other or remove hydrogen from polymer chains [6]. Oxidative degradation not only leads to chemical structure changes in polymers, but also to scratches and fine cracks on the material surface. This leads to a reduction in polymer molecular weight due to the breakage of molecular chain or its increase by cross-linking or chain branching.
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			Thermal degradation: Thermal degradation occurs when the polymer changes its properties under the influence of increased temperature. There are three types of thermal degradation. The first is the disruption of the polymer backbone and complete degradation. The latter involves only breaking of bonds in the side chain leading to creation of volatile products. The last includes cross linking processes [7].

			Mechanical degradation: Mechanical degradation of the polymers occurs as a result of the presence of stresses in the polymer. Stresses in the form of micronotch concentrate in the weakened spots initiating the destruction of the polymer.

			Polyvinylchloride (PVC): Polyvinylchloride (PVC) is a thermoplastic and the third largest production polymer in the world [8]. PVC can be rigid or flexible, clear or opaque. When PVC is compounded with a plasticizer, it is flexible. Examples of flexible PVC products are upholstery and clothing; wall covering, blood and IV bags, and tubing; wrap film, shower curtains, wire insulation and coatings on metal sheet. Rigid PVC contains rigid-specific additives such as impact modifiers. Rigid PVC applications include pipe, siding, windows, fence and many custom profiles for furniture, automotive, and industrial applications. In general, PVC molecules are about 800-1500 monomer units long. Because of the particular properties inherent in the PVC such as its low cost and high performance, combined with the wide range of products that can be obtained from different processing conditions and techniques, PVC has become a universal polymer [9-12]. PVC is one of the world’s top five raw materials for general synthetic resin with a yield ranking second only behind polyethylene in the world of plastics. Due to its low cost, desirable properties and versatility, PVC can be processed into a wide range of short-life products such as packaging for food, beverages and cleaning products, medical devices and is widely used as a weatherproof coating for banners, tarpaulins and grain covers. One application of PVC is as either a thin or thick coating for flexible polyester advertising banners, to create durable, light weight products with good tensile strength that also provide the water, wind and wear and tear resistance required for extended outdoor use. As a result of increasing consumption of PVC-made products, the quantity of used PVC items entering the waste stream is gradually increased. The disposal of PVC waste has gained increasing importance in the public discussion in recent years (Figure 2). 
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			PVC-coated banners are particularly challenging for recycling, as the PVC is bonded to another polymer, usually polyester. The whole life cycle of polyvinyl chloride banner industry releases a lot of solid wastes, air wastes, water wastes and other environmental toxins that are hurting the environment and the new generation. The energy consumption of a solvent-based coating, which is usually dried by IR light, is much higher than that of the pure UV coating. UV curing with mercury vapor lamps potentially produces ozone emissions. Isopropyl alcohol and the aromatic hydrocarbons “toluene” are commonly used solvents in printing technology. These chemicals emitting into the air during the printing process have potential for photochemical ozone formation. Besides emissions in the printing production, the potential for emissions afterward could be relevant. The toluene retained in the printed products has human health risk potential [13,14] (Figure 3).

			PVC production and its impact: The first step in the PVC production process is the generation of elemental chlorine. This gas is created in chlor-alkali facilities by running an electrical current through salty brine in the presence of a catalyst, mercury. When elemental mercury from chlorine manufacturing plants is released to the atmosphere as a vapor, it can be carried long distances before returning back to earth. Once it does, methylating bacteria quickly convert the metal into an organic form, methylmercury, which is a powerful brain poison as well as a bioaccumulating, persistent pollutant. From here, it is quickly siphoned up the food chain, reaching its highest levels in fish and seafood. Once chlorine is generated and combined with carbon to form ethylene dichloride, the next major step in the PVC manufacturing process is the synthesis of vinyl chloride monomer. The ability of vinyl chloride to cause angiosarcoma of the liver is well known. A study found that among PVC workers significantly increased mortality from all causes of death, all tumors, lung cancer, lymphomas, leukemias, and liver cirrhosis [15]. PVC manufacture involves the polymerization of vinyl chloride monomer and this process creates a fine powder, which is handled by workers known as PVC baggers. Studies have documented increased rates of lung cancer and other pulmonary diseases within this group of workers [16,17].

			In addition to the volatilization of organic chemicals in PVC products, threats to human health associated with the use of polyvinyl chloride building materials can originate from degradation of the vinyl material itself. There is also growing concern about the endocrine-disrupting potential of the phthalate plasticizers used to make PVC pliable. Burning of polyvinylchloride (PVC) plastics produces persistent organic pollutants (POPs) known as furans and dioxins [18] (Figure 4).

			Poly vinyl chloride degradation: Poly vinyl chloride (PVC) products are often exposed to outdoor conditions and thus vulnerable to the environmental factors. The following processes can occur in aged PVC materials: cross-linking, thermooxidative degradation of polymer and plasticizers, polymer dehydrochlorination, and diffusional desorption of a plasticizer [19]. Generally, weathering causes the degradation of PVC polymers. As a result of breakage of chemical bonds, the material loses its properties. The mechanism of free radicals occurs, and mechanisms of oxidation, yellowing, bleaching, and surface erosion can also be observed [20]. Yellowness was noticed in PVC films prior to a serious loss in strength. PVC undergoes rapid autocatalytic dehydrochlorination upon exposure to heat and light during its molding and use [21,22]. PVC decomposes at a temperature lower than its processing temperature [23]. Degradation also causes a drastic change in the mechanical properties of the polymer, which is accompanied by a decrease or increase in its average molecular weight.
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			Biological degradation of poly vinyl chloride (PVC): PVC is a strong plastic that resists abrasion and chemicals and has low moisture absorption. Many studies have focused on the thermal and photodegradation of PVC, but few reports are available on PVC biodegradation [24]. Biodegradation leads to reduction of polymer molecular weight due to the shortening of the polymer chains and elimination of their fragments. Biodegradation processes are divided into aerobic and anaerobic. Former process takes place with the participation of oxygen, and the main products of decomposition are CO2, water, and biomass. The latter process occurs under anaerobic conditions, thus producing methane instead of CO2. Biodegradation of polyvinylchloride (PVC) by white rot fungi was studied by [25]. Degradation of PVC by Pseudomonas putida was reported by [26]. The biodegradability of PVC by Micrococcus species with PVC as a sole carbon source was determined by [27]. The results showed that 0.36% release of chloride and 8.87% mineralization measured in terms of carbon dioxide evolution respectively over a period of 70 days in PVC containing media. Members of the genera Pseudomonas and Brevibacterium were reported to deteriorate PVC in laboratory conditions. PVC pipes exposed to water microorganisms have shown bacterial attachment and formation of extracellular material on their internal surfaces [28]. 

			The total degradation of a polymer chain in the presence of aerobic organisms causes oxidation in the chain, producing CO2 and H2O (mineralization) [29]. Growth of Aspergillus fischeri and Paecilomyces species on plasticized polyvinyl film in liquid medium was reported by [30]. Degradation of PVC was higher than poly vinyl alcohol, polycapro lactone in the soil as reported by de [31]. Biodegradation of pPVC by fungal species has been reported earlier [32-34]. studied the fungal colonization of soil-buried plasticized polyvinyl chloride and found that Penicillium janthinellum as a principal colonizer. [35] reported that biodegradation of PVC by Trichocladium sp. and Chaetomium sp. in soil. The results of weight loss for PVC blend with cellulose and cell samples exposed to Trichocladium sp. was two-fold higher than that of PVC blend with cellulose alone. The biodegradation of starch blended polyvinyl chloride films by Phanerochaete chrysosporium through release of higher CO2 (7.85g/l) compared to control (2.32g/l) was recorded by [36-39]. Aureobasidium pullulans was reported to grow with the intact plasticized PVC formulation as the sole source of carbon, degrade the plasticizer, produce extracellular esterase, and cause weight loss of the substratum during growth in vitro [33].

			Conclusion

			Knowledge of degradation processes is important for technical, engineering, and economical reasons. Microorganisms are capable of degrading inorganic and organic materials, and interest has been aroused to study microbes for their ability to degrade synthetic polymers. The replacement of slowly degradable materials with biodegradable materials is other ecological alternative addressing the problem of waste surging in the environment caused by vinyl banners.
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Figure 4: Release of chemicals during PVC production.
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Figure 3: Banner Printing Process.
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Figure 2: Applications of PVC.
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Figure 1: Degradation of Polymer Materials.






