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Abstract
Plastics waste management is crucial in developing countries such as Sri Lanka. The mass of plastics wastehas been increasing yearly due to the rise in plastics demand. Mismanagement of plastics waste is an alarmingissue that creates critical environmental and health problems. Although plastics waste management methods,including recycling, pyrolysis and incineration, are available, sorting plastics waste is a challenging part ofthe process. This literature review mainly focuses on the available plastics waste separation techniques andthe conceptual model for plastics waste management in developing countries. The results of the literaturereview show that plastics waste sorting techniques can be categorized as manual, dry, wet, and combinedseparation techniques. The conceptual model suggests inventing plastics waste parks in Pradeshiya Sabhaareas and carrying out the separation of plastics from other waste and the separation of plastics accordingto the plastics type. Normally, manual and combined separation techniques can be used for this separationprocess. In addition, public awareness and legal framework are very important to build up a sustainable wastemanagement system in a country. The proposed conceptual model can be applied to smaller administrativeboundaries of the country with suitable separation techniques. To reduce usage of plastics, efforts must bemade by citizens to study the usage of renewable raw materials to create innovative goods using currenttechnological advancements. Additionally, daily usage of plastics should be minimised, which aids in theimprovement of healthy environmental conditions.
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Introduction
Plastics have become indispensable andversatile materials in various sectors, suchas healthcare, packaging, electronics,automotive, building and construction,due to their remarkable properties thatenhance human lifestyles (Sharuddin et al.,2018). As the world population continues togrow, the demand for plastics has increasedaccordingly. Unfortunately, this has also ledto a rise in plastics waste accumulation in theenvironment, mainly due to the disposal ofsingle-use plastics. Consequently, plasticshave also become a significant component ofMunicipal Solid Waste (MSW).The per capita consumption rate of plasticsis high in developed countries compared todeveloping countries. Figure 1 shows the percapita consumption of plastics in selecteddeveloped and developing countries (Masudet al., 2019; Hossain et al., 2020).The plastics waste generation ratemainly depends on the socio-economicand geographical features of differentcountries. According to Figure 1, plasticswaste generating rate is higher in developedcountries than in developing countries.However, plastics waste management is ata very low level in developing countries dueto the dearth of infrastructure, technology,and methodology for managing plastics wasteappropriately.
Significance of the study
As a developing country, Sri Lanka isstruggling with municipal waste collectionand management mainly in urban areas. Thissituation has become a critical level duringcovid pandemic outbreak times. Accordingto the literature, 7000 metric tons of solidwaste are generated per day in Sri Lanka.Nearly 60% of solid waste from this amount isgenerated from the Western Province due tothe high population density (Fernando, 2019).According to the Environmental FoundationLimited (EFL) in Sri Lanka, one person

generates an average of 0.4-1.0 kg of wasteper day, and only half of them is collected bythe municipal councils for different wastemanagement practices.
Objectives
The primary objective of the review is tocomprehensive data collection on plasticswaste composition, environmental pollutionof plastics wastes, bioplastics as an alternativefor the plastics, current status of plastics wastemanagement of Sri Lanka and the world, gapidentification in plastics waste management,strategies of plastics waste management,with more emphasis on plastics wasteseparation techniques, and finally to develop aconceptual plastics waste management modelfor developing countries.The comprehensive review providesinformation on 68 related latest publishedreviewed articles and localised reportsaddressing the persistent issue of plasticswaste in Sri Lanka. It aims to explain thecurrent situation surrounding this problemwhile searching into potential methodologiesfor the effective separation of plastics wastewithin local administrative systems. Inaddition, this review information was usedto suggest a conceptual model with plasticswaste management with plastics wasteseparation techniques, specifically fitted forimplementation in developing countries.
Review of Past Literature
Plastics waste composition
According to the data from Sri Lankacustoms, Sri Lanka annually imports 500,000metric tons of primary forms, finishedand intermediate products for the plasticsindustry. A considerable amount of plastics rawmaterials and finished products are releasedas post-consumer plastics waste to theenvironment. It has been reported that, in SriLanka, one million sachet packets includingjam, sauce and shampoo, are disposed of in
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Figure 1. Plastics waste generation rate in developed and developing countries (Masud et al., 2019; Hossainet al., 2020.

open dumps every month. Furthermore, 20million yogurt cups, 15 million lunch sheets,and 20 million grocery bags are dumped dailyaccording to the survey results conducted bythe Central Environmental Authority (CEA)in 2013 (Shantha, 2019; Karunarathna et al.,2020). According to the data from CEA in2014, polyethylene and plastics have takenplace 6% of the amount from the total wastein the solid waste composition as shownin Figure 2. The United Nations Centre forregional development report in 2019 showsthat the plastics waste proportion of the solidwaste is 10% in Sri Lanka (Samarasingheet al., 2021). A case study of plastics wastesorting methods which was conducted in2020 by the Department of Zoology andEnvironmental Management at the Universityof Kelaniya has analysed the waste disposalpractices in Colombo and Kandy municipalitieswhich are the areas of the highest populationdensity in Sri Lanka. It has been reportedthat the most abundant waste plastics typesin both areas are low-density polyethylene(LDPE), polyethylene terephthalate (PET), and

polystyrene (PS) plastics.

Figure 2. Waste composition in Sri Lanka. Source:Central Environmental Authority (2014).

In addition, a clear difference in thecomposition of urban and rural plastics wastecan be identified by considering the numberof different types of plastics waste. In 2016,a national survey conducted by the JapanInternational Cooperation Agency (JICA)showed that the amount of plastics waste fromthe total solid waste was 10% and 5% of urbanand rural municipal solid waste, respectively,
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as shown in Figure 3 (Karunarathna et al.,2020). The percentage of soft plastics amountis higher than that of the hard plastics amountin both urban and rural solid waste streams(Karunarathna et al., 2020; Alahakoon andKarunarathna, 2020). The high amount ofsoft plastics waste commonly contains singleused post-consumer packaging waste such aspolyethylene bags, shopping bags, and lunchsheets.
Besides that, a case study conductedin Kandy Municipal Council (KMC), sevenlocal authorities in Western Province, andAkkaraipattu Municipal Council (AMC),indicates that the total post-consumer plasticswaste generated is estimated as 12.0, 54.4,and 4.8 tons per day, respectively (Alahakoonand Karunarathna, 2020) It is reported thatthe recycling of this plastics waste is carriedout only in KMC and Western Province. Themajority of plastics waste is discarded intoopen dumps. The estimated plastics wasteper day in open dump areas in KMC, WesternProvince, and AMC is 7.23, 43.13 and 1.35 tons,respectively.

Environmental pollution of plastics waste
Mismanagement of plastics waste adverselyaffects the terrestrial environment. In SriLanka, the most common waste disposingmethods are open dumping on empty land,compost generating, and burning plastics andpolythene in the open fire (Maheshi et al.,2015; Arachchige et al., 2019). It contains bothbiodegradable waste and non-biodegradablewaste in open dumpsites as the wasteseparation is still not improved in the country.Continuous discarding of solid waste intothe open areas aids in generating enormousgarbage mountains in several districts in thecountry. Plastics waste has become ubiquitousin disposal sites and the surroundings dueto their non-biodegradable nature andpersistence in the natural environment.Therefore, plastics waste is a major burden inenvironmental pollution.

Dumping of plastics waste or landfillingof plastics waste with other solid wastecan lead to toxic chemicals being releasedinto the environment which raise harmfuleffects on the natural environment andpublic health. Plastics materials contain toxicchemicals such as phthalates, poly-fluorinatedchemicals, bisphenol A (BPA), brominatedflame retardants and heavy metals (eg: Pb,Sb, Cr, Co, Hg, Zn, Ni, Cu), and release ormigrate into the soil after discarding in opendumpsites and landfills (Maheshi et al., 2015;Okunola et al., 2019; Rafey and Siddiqui, 2023).These hazardous chemicals percolate throughthe soil into the water table and accelerateground and surface water pollution. Moreover,these hazardous chemicals lead to infertility inlands and cause less agricultural productivity(Maheshi et al., 2015). In addition, opendumpsites are a negative aesthetic factor incities creating an unpleasant environmentin adjacent areas. Also, wild animals nearopen dump areas happen to eat plastics wasteby mistake with remaining food waste, andtheir lives ending in fatalities (Conlon, 2021).Further, blockage in sewage systems in urbanareas causes huge problems including suddenflooding even with light precipitation due toinappropriate plastics waste disposal. Theseplastics waste materials provide facilities forthe breeding of mosquitos after precipitationand spread diseases such as Dengue (Ayomohet al., 2008; Conlon, 2021). On the otherhand, the open burning of plastics wasteemits hazardous pollutants, such as heavymetals (eg: Hg, Cu, Cr, Co, Pb), dioxins,polychlorinated biphenyls (PCBs) and furans,causing damage to the respiratory system inboth humans and animals (Verma et al., 2016;Okunola et al., 2019; Alam et al., 2019).
Plastics waste in open dumps close towetlands, marshes, beaches and coastal areas,and direct removal to rivers and waterwaysharm marine organisms and habitats ofmarine animals. Sri Lanka has been rankedthe fifth among 20 countries for releasing



Uthpalani et al. | 15

Figure 3. Composition of municipal solid waste in (a) urban and (b) rural areas of Sri Lanka (Karunarathnaet al., 2020; JICA, 2016).

plastics waste into the ocean (Jambeck et al.,2015). It has been estimated that the weightof plastics waste in the ocean would increasemore than the weight of live fish in the oceanby 2050 (Geyer et al., 2017). Reports haverevealed that more than 260 species of marineorganisms suffered from plastics debris inthe ocean by getting entangled in abandonedor discarded fishing equipment (Okunolaet al., 2019). Many plastics waste materialsdo not decompose in the ocean due to thelack of degradation conditions, such as theabsence of UV light, low temperature, lackof oxygen, and absence of microorganisms(Streit-Bianchi et al., 2020). Despite thedegradation, plastics waste materials followthrough the fragmentation process andproduce microplastics (< 5 mm) (Gallo et al.,2018; Streit-Bianchi et al., 2020). Microplasticsdebris can contain additives that would beincluded in the animal and human tissuesthrough the food chain resulting in toxicityto organisms including carcinogenesis andendocrine disruptions in humans (Talsnesset al., 2009; Cole et al., 2011; Jambeck et al.,2015).

Current status of plastics waste
management in Sri Lanka

The Sri Lankan government has attempted tobuild up a sustainable management systemfor the past two decades. Some policies andprogrammes such as the ‘Pilisaru programme’which was initiated by CEA in 2008 to gain“Waste-free Lanka in 2018” although ithas not been achieved (Okunola et al., 2019;Basnayake et al., 2020). The local governmentis the lowest political structure in Sri Lankawhich has three organizational units as localgovernment bodies including the MunicipalCouncil, the Urban Council, and PradesheyaSabha responsible for the sustainable wastemanagement system in the country.
Currently, in Sri Lanka, local authoritieshandle several disposal sites, and the mainsolid waste disposal methods are opendumping and landfilling (Arachchige et al.,2019). Industrial waste is identified ashazardous waste and the Holcim Geo-cycleCompany has the legal permission to conductthe treatments on hazardous waste. Inaddition, the medical waste generated fromhospitals is treated using incinerator facilitieswith the partnership of private companies(JICA, 2016). Although some programmes onwaste to energy have been established since
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2008, the Kerawalpitiya incineration plantremains the sole operational facility to date.
There is no proper waste segregationmethod when considering the plasticswaste management system in Sri Lanka. Atpresent, about 86% of the waste is dumpedin the open and about 6% of it is convertedinto compost and about 4% is recycled(MoE, 2021). Plastics waste is also placedin open dump areas such as Kolonnawa,Bluemendhal, Kerawalpitiya wetlands andthe coastline, with the other municipal solidwaste. Some waste collectors and recyclingcompanies are collecting segregated plasticswaste by using the door-to-door collectionmethod. About 300 waste collectors havebeen registered in CEA for collecting wasteplastics including high-density polyethylene(HDPE), low-density polyethylene(LDPE), linear low-density polyethylene(LLDPE), polyethylene terephthalate (PET),polypropylene (PP), polycarbonate (PC), highimpact polystyrene (HIPS), acrylonitrilebutadiene styrene (ABS) and polyvinylchloride(PVC). Most of these waste plastics are crushedand exported or sold as it is to recyclingcompanies. Some of these waste plasticsincluding ABS, PC and PVC are used to produceshoe soles, Vesak lanterns, trays for plantnurseries, etc. The waste PVC and PP are usedto produce pipes for agricultural purposesand flowerpots for plant nurseries. However,this plastics waste collection routine is notsufficient to reduce the plastics waste problemin the country.

Established policies for plastics waste
reduction in Sri Lanka

In 2006, a gazette notification was publishedon the prohibition of the manufacture ofpolyethylene or any polyethylene product of20 µm microns or below in thickness to beused in Sri Lanka, and prohibition of the saleor use of these specific products (Shantha,2019). In 2017, a gazette notification waspublished to prohibit the manufacture of food

containers, plates, cups and spoons fromexpanded polystyrene. In addition, it alsoprohibited the sale, offer for sale, offer free ofcharge, exhibition, or use of food containers,plates, cups and spoons that are manufacturedfrom expanded polystyrene within the country(Shantha, 2019). Another gazette notificationwas published in 2017 to prohibit open burningor cause to allow or permit the open burning ofrefuse or other combustible matters inclusiveof plastics (Shantha, 2019).
The recently established policies were theprohibition of the manufacture of PET and PVCmaterial for packaging agrochemical process,the prohibition of the manufacture sachetshaving less than or equal to a net volume of20 mL, the prohibition of the manufacture ofinflatable toys and cotton buds with the plasticsstem (Shantha, 2019).

Existing plastics waste management
methods - worldwide

Recycling plastics waste is the most commonpractice in many developing countries. Inmost countries, solid waste managementrules are applicable to plastics waste as well.This includes the regulation of differenttypes of plastics waste, such as single-useplastics bags, microbeads and packagingmaterial. On the other hand, proper municipalsolid waste disposal mechanisms have beenimplemented in developed countries, andhence, plastics are collected for recycling,landfilling, or incineration (Huysman et al.,2017; Bryant et al., 2018; Brouwer et al., 2018).In developing countries, as proper municipalsolid waste management scheme has notbeen implemented, plastics are collectedby informal garbage collectors and endedup in open dumps (Dijkstra et al., 2020).According to the results of the life cycleimpact assessment in different treatmentsof waste plastics, it has been reported thatmechanical recycling show a lower impacton environmental pollution than thoseof landfilling, incineration, and energy
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conversion methods (Chen et al., 2020).Nowadays, the concept of the valorization ofwaste has been more emphasised than thetraditional waste management methods. Thisis known as the circular economy which issupported by scientific inventions in recyclingand reprocessing of plastics. According tothis concept, disposal of plastics is treated asa resource rather than waste (Dijkstra et al.,2020). Therefore, developed countries arepaying more attention to the recycling ofplastics waste before subjecting plastics wasteto other disposal methods. Table 1 shows thewaste management methods and policies forresource recovery that have been implementedin developed countries (Chen et al., 2021).
Segregation of waste is a promisingmethod as it reduces the amount of wasteended up in open dumps and landfillingwhile increasing the amount of recyclablewaste (Sukholthaman and Sharp, 2016).Public participation is very important inthis step and their contribution of wasteseparation helps to reduce most of theproblems in waste collection, transportation,intermediate treatment, and disposal process(Sukholthaman and Sharp, 2016).
In Japan, Kamikatsu village residentsuse a system that allows them to separatehousehold waste into 34 categories (Sidjabatand Ilmi, 2020; Garcia-Rubio, 2020). Thisenvironmental initiative aims to reduce theamount of waste that ends up in incineratorswhich could harm the food supply andthe environment due to the emission ofgreenhouse and hazardous gases. Theseparated waste is then transferred torecycling centres. This town has beenachieved a recycling rate of 80% after manyresidents get used to the routine of washing,sorting, and transporting trash to the recyclingcentres and aims to recycle 100% in nearfuture (Garcia-Rubio, 2020).
Sweden has introduced one of the mostsuccessful waste management systems inthe European Union (Sidjabat and Ilmi, 2020;

Garcia-Rubio, 2020; Milios et al., 2018).Citizens are aware of the importance ofseparating waste properly. This procedure iscarried out through the separation of wasteinto different coloured bags according to theirtype. Then, further separation process iscarried out as recyclable and non-recyclablewaste in various waste separation plantsthat are situated throughout the country.Recyclable waste is formed into new materialsand non-recyclable materials are burned inplants to generate electricity under the processof “waste-to-energy”.
Bhattacharya et al. (2018) have reporteda model for recycled plastics waste in India.In this model, after the plastics waste iscollected, it is separated, cleaned, shredded,and pelletized at the recycling processplant. Then, the recycled granules aredeveloped into value-added products withhigh performance based on the research anddevelopments with the aid of governmentsupport. It has been suggested that recycledplastics granules can be used to manufacturefurniture, fire-retardant plastics, incorporatein road laying, low-end products such asflowerpots, dust bins, and toys as well asproduction of fuel oil. Besides, Ragaert et al.(2020) have developed a new product called“Greentile” from the materials of sink fractionobtained from the float-sink sorting of mixedpost-consumer packaging waste which hasbeen sent to the incineration before.
Arachchige et al. (2019) have proposeda waste management model to address thesolid waste problem in Sri Lanka. Accordingly,a clustering process has been suggested,according to the total waste generation insub-district units, including PradeshiyaSabha level or District Units. The proposedmodel categorizes waste into three types:Type S, with total waste less than 30 tonsper day; Type M, with total waste rangingfrom 30 to 100 tons per day; and Type L,with total waste higher than 100 tons perday. The authors recommend implementing
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Table 1. List of countries and their respective plastics waste management methods for resource recovery(Chen et al., 2021).
Country Policy Method of resource recoveryDenmark Denmark Without Waste II RecyclingGermany German Closed Cycle Management Act Circular economyJapan Waste Management and Public Cleansing Law Recycling at source and recycling feeSweden Swedish Environmental Code Waste to energyUSA (San Francisco) Mandatory Recycling and Composting Ordinance Composting and recycling at source

composting and recycling for Type S clusterareas, while employing waste-to-energyand landfilling methods for Type M and Lareas. The study emphasizes the importanceof proper management processes by localgovernments to implement the proposedmodel effectively. Furthermore, citizens areencouraged to segregate household wastecorrectly, using colour-coded bags: green forbiodegradable waste, blue for cardboard andpaper, orange for plastics and polyethylene,and yellow for hazardous waste.
Alternative for plastics: Biodegradable
plastics
Biodegradable plastics are a better solutionfor reducing the plastics waste problem dueto their fast degradability, as conventionalpetroleum-derived plastics take morethan a hundred years to fully decompose(Ebnesajjad, 2013). It is not imperative tobiodegradable plastics are always synthesisedfrom biomaterials. On the other hand, plasticsthat are synthesised from biomaterials arenot always biodegradable (Rujnić-Sokeleand Pilipović, 2017). It can be identified asfour main categories of plastics according tothe biobased materials and biodegradabilityproperties (Rujnić-Sokele and Pilipović, 2017;Alaerts et al., 2018; Onen Cinar et al., 2020).They are:

i. Biobased-not biodegradable bioplastics:
• bio-polyethylene• bio-polypropylene• bio-polyamide• cellulose-acetate

• bio-polyisoprene• bio-polyethyleneterephthalate
ii. Biobased-biodegradable bioplastics:
• polylactic acid (PLA)• polyhydroxyalkanoate (PHA)• thermoplastics starch• cellulose-regenerates

iii. Fossil based-not biodegradableconventional plastics:
• high-density polyethylene (HDPE)• low-density polyethylene (LDPE)• polypropylene (PP)• polystyrene (PS)• polyvinylchloride (PVC)• ethylenevinylalcohol (EVOH)

iv. Fossil based-biodegradable bioplastics:
• co-polyester• polybutyleneadipate terephthalate(PBAT)• polycaprolactone (PCL)• polybutylenesuccinate (PBS)

The biodegradability of plastics dependson several parameters, such as raw materialsof plastics, chemical composition, structure ofthe final product, and plastics decomposingenvironment (Rujnić-Sokele and Pilipović,2017). Table 2 gives the details of somecommon biodegradable polymers in themarket and their applications.
Although biodegradable plastics havethe potential to decompose in a short period,these plastics simply cannot be discardedinto the terrestrial environment after the
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Table 2. Common biodegradable polymers that are available in the market (Ebnesajjad, 2013).

end-of-life. The biodegradation rate of thesebiodegradable plastics depends on disposalmethods and vital particular conditionsincluding temperature, the presence of light,the presence of oxygen, presence of specificmicroorganisms (Rujnić-Sokele and Pilipović,2017; Agarwal, 2020). The disposing methods,such as reuse, recycling, energy recovery andcomposting, can be identified as the main

disposal options of biodegradable plastics(Rujnić-Sokele and Pilipović, 2017; Gioia et al.,2021).
Compostable plastics undergodecomposition of the polymer bymicroorganisms and convert it into carbondioxide, water, mineral salts, and biomasswithout affecting any toxic side effects tothe natural environment (Rujnić-Sokele



20 | International Journal of Environmental Issues, 2024, Vol. 02, No. 01

and Pilipović, 2017; Agarwal, 2020; Gioiaet al., 2021). The following four criteriashould be achieved by bioplastics to fulfillthe compostable ability (Rujnić-Sokele andPilipović, 2017; Agarwal, 2020).
i. Bioplastics material should contain50% organic matter and not exceed thestandard limitations of the heavy metalamounts in the chemical structure.
ii. Biodegradation or the conversion oforganic carbon into carbon dioxideof the bioplastics material should beable to undergo 90% of decomposingpercentage within six months at controlledcomposting conditions.
iii. The bioplastics material shoulddisintegrate within 12 weeks andfragments should not be detectablevisually or should be smaller than2 mm under the controlled compostingconditions.
iv. After the degradation of the bioplasticsmaterial, residue products should notcause any toxic effect to the naturalenvironment.

There are bioplastics materials that donot fulfill the above criteria of compostablestandards (e.g., bio-PET, bio-PP, bio-PE).These bioplastics that are not conformed tothe criteria of compostable ability shouldundergo conventional plastics waste disposalmethods, such as recycling and energyrecovery. Compostable bioplastics are widelyused as bags for food waste collectionand agricultural mulch films where theseparation of organic matter and plasticsis problematic. Most of the biodegradableplastics are decomposed completely underindustrial composting conditions. Therefore,all biodegradable plastics material may notbe suitable for home-composting conditionsthat contain natural environmental conditions.The biodegradability of plastics materials isachieved by taking advantage of their natural

characteristics. This process only succeeds ifthe correct conditions are encountered.
Strategies of plastics waste management
Plastics waste recycling
Compared to incineration and landfilling,recycling of plastics waste is more eco-friendlyand is an acceptable method of disposal.Basically, recycling is divided into twocategories: mechanical and chemical(Hopewell et al., 2009; Faraca and Astrup,2019). The former refers to the process ofconverting non-biodegradable plastics intouseful products, while the latter includesvarious methods to break down plastics intotheir basic components, which can thenbe repurposed. Some chemical recyclingmethods involve re-heating, while others mayuse chemical reactions or solvents withoutre-heating (Hopewell et al., 2009). Instead ofchemical recycling, mechanical recycling isan eco-friendlier method. It saves energy andproduces less pollution.

Plastics are classified into seven typesaccording to the materials used in itsproduction. This classification supportsidentifying the plastics materials in themechanical recycling process. Table 3 showsthe types of plastics, common use and theproducts that could obtain after the recyclingprocess (Okunola et al., 2019).
Although these recycling wastemanagement principles reduce plasticsconsumption, there must be a propersorting system to handle the amountof post-consumer plastics waste that isinevitably generated.

Upcycling of waste plastics
Generally, plastics only downcycles, losingsignificant strength once it is melted, whereasupcycling is the new concept of converting thewaste plastics into something more valuable(Chanda, 2018; Faraca and Astrup, 2019).

Carbon is the major component of plastics,and therefore, waste plastics can provide a
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Table 3. Types of plastics and their common industrial applications.

carbon source for carbon-based value-addedproducts, such as light hydrocarbons,carbon black/activated carbon, carbon fibres,carbon nanotubes, and graphene (Chanda,2018). Converting waste plastics into suchvalue-added products is a good example of

upcycling.
Pyrolysis of plastics waste
In the process of pyrolysis, organic polymerchains are converted into liquid oil, gases,and char products at high temperatures
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(300-900 °C) in the absence of an oxygenenvironment through thermal decomposition(Miandad et al., 2016). In addition, when asuitable catalyst is used, the quality of theliquid oil yield can be improved, and theprocess temperature can be reduced. It isreported that the pyrolysis process can convertplastics into 78-84 wt.% of liquid oil (Miandadet al., 2016). This liquid oil, obtained from theplastics pyrolysis process, has the potentialto be used as an alternative to fuel oil. Themost common plastics waste types usedfor the pyrolysis process are LDPE, HDPE,PP and PS. In addition, PVC plastics is notheavily employed for the pyrolysis processas the reaction vessel may corrode due to theemission of hydrochloride gas during thepyrolysis process (Miandad et al., 2016).
Plastics waste incineration
Plastics waste that contains a high amountof impurities and recycled materials ismore cost-effective by being applied tothe incineration process (Hahladakis andIacovidou, 2019). Therefore, plastics waste,such as composite materials, multilayeredmaterials and low-quality recycled materials,that cannot be recycled again can be usedfor this process. Plastics waste materialscontain a higher calorific value and a lowermoisture content when compared to organicwaste materials. Therefore, plastics wasteis a suitable material for incineration andrecovers energy from direct combustion. Inthis process, It is produced electricity, steam,or heat from the direct combustion of plasticswaste as a raw material (Arachchige et al.,2019). In Sri Lanka, the surface moistureof plastics waste increases due to rainyseasons. Therefore, the moisture removalpre-heating process would be required beforethe incineration process of plastics waste inorder to reduce the energy of the combustionprocess (Arachchige et al., 2019).

Currently, in Sri Lanka, an incinerationpower plant is being established in Colombo

municipal area to generate electricitywith fresh municipal solid waste with thepartnership of Western Power Company Pvt.Ltd. in Muthurajawela. It has been estimatedto convert 700 metric tons of solid waste intoelectricity by operating approximately 7,500hours a year and providing 9.7 MW of powerto the Ceylon Electricity Board. However,hazardous gas emissions can occur due tothe incineration process, and it should bepromoted the reduction, reuse, and recyclingof plastics waste in society.
Plastics waste disposal in landfills
Nowadays, in many countries, one of themost often used approaches for disposingof municipal solid waste is landfilling(Aljaradin and Persson, 2012; Sabour et al.,2020). There are advantages as well asdisadvantages to disposing of plastics wastein landfills. Compared to recycling andenergy recovery processes, landfillingrequires lower investment to the initiation,and labour-intensive is low. However,environmental problems are high in landfillsmainly due to the production of greenhousegases (CO2 and methane). To avoid thisproblem, modern landfills are required controlsystems to collect landfill gases and leachates(Chanda, 2018).
Gap identification of plastics waste
management in Sri Lanka
Currently, the Municipal Councils of Sri Lankahave collected only the waste that is segregatedas biodegradable waste, cardboard or paper,and plastics. The municipal councils havescheduled particular days in a week for thecollection of mentioned segregated waste.Although this segregated waste is collected ondifferent days, the disposal of this waste takesplace in an open dump. The main problem isthat the rest of this plastics waste becomesdirty due to contamination of the remainingfood and soil. There is no proper separationmethod of this waste plastics according to the
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types of polymers in the plastics compositionto be carried out in the recycling process aswell as the other energy recovery processes.

In addition, problems can be identifiedas allocated funding for waste managementprograms is not sufficient for the maintenanceof garbage collecting and transportingvehicles. Inadequate waste collection vehiclesand irregularity of waste collection persuadeburning and illegal dumping of solid wastein society. Even if waste is separated asnon-biodegradable or plastics, paper, andcardboard, organic and hazardous waste, allcategories ended up in the same transportingvehicle during the collection, and mixedsolid waste is disposed to the dumping sitesat the end. Furthermore, the amount ofdefined garbage bins for waste categoriesare not sufficient in public areas. The lackof policies and a strong legal frameworkpromotes the incorrect waste disposal practicein public areas. On the other hand, recyclingfacilities are centred only for urban areas(Alahakoon and Karunarathna, 2020). Thenegative attitude of the people about wastemanagement, lack of participation, high rateof population growth in urban areas, andspace limitations are the other reasons for theincrease in the municipal solid waste problem(Fernando, 2019).

In addition, the main factors of improperwaste management in Sri Lanka can becategorized as financial issues, politicalissues, technical issues, and socio-culturalissues. Several programs for solid wastemanagement have been proposed and initiatedin the past two decades to obtain a properwaste management system in Sri Lanka. Themain reason for the failure of these wastemanagement programmes seems to be thepoor implementation and the lack of teamworkof both government authorities and society.

Conceptual model for plastics waste
management

When considering the current situation in SriLanka, mixed plastics waste can be identifiedas dry mixed plastics waste and contaminatedmixed plastics waste. A certain percentageof the dry mixed plastics waste is collectedby recycling centres and separated for therecycling process. The contaminated mixedplastics waste is collected by the municipalcouncils and a higher amount of them disposeof open dumps. This model is developedfor the segregation of general contaminatedmixed plastics waste that generates fromhouseholds, institutional, commercial,industrial, hospitals, and other areas. Theschematic presentation of the conceptualmodel is shown in Figure 4.
Waste disposal areas in local authoritiesand municipal councils can be converted intowaste parks as the areas doing pretreatmentsfor the mixed plastics waste. These wasteparks should be divided into Waste ParkSection 1 and Waste Park Section 2. The mixedmunicipal solid waste generated from publicareas is collected by the local authorities andtransported to the Waste Park Section 1. Theseparated waste at the source from householdsand institutional areas should hand over theplastics waste into Waste Park Section 2. It canbe introduced to a buying and selling systemto promote source separation of plastics wasteamong the citizens.
The cleaning process can be carried outin the Waste Park Section 2. Then shreddingand separation can be done after the cleaningprocess. There are several techniques for theseparation of plastics waste and recyclable andnon-recyclable plastics can be separated forfurther process. After separating recyclableand non-recyclable plastics they can bedistributed to the recycling companies anddisposal areas.
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Figure 4. Schematic presentation of the conceptual waste management model.

Separation techniques for plastics waste

The current plastics waste managementproblem in Sri Lanka is the separation ofplastics waste according to the different typesof polymers in the plastics compositions.Because recycling of plastics is mainly limitedto rigid packaging materials such as PETbottles or other pure PP or PE containers(Araujo-Andrade et al., 2021). There areseveral methods to separate plastics fromother waste as well as plastics. Figure 5 showsthe classification of several methods in plasticswaste separation (Ruj et al., 2015).
Manual sorting
Waste plastics are classified according totheir shape, appearance, colour, and brandusing manpower in this sorting system(Sutar and Salunkhe, 2015). It is a simple

method based on the material identificationcode and does not require an advancedinstrument handling technique. In addition,errors can occur due to the lack of properknowledge about plastics types in this sortingmethod. Manual sorting can be effective forsmall-scale operations or for initial sortingbefore more advanced separation techniquesare applied. However, it is labour-intensive,time-consuming, and may have limitationsin terms of accuracy and efficiency comparedto automated sorting methods. However,manual sorting cannot be applied to separateplastics that are made from compositematerials, such as fibre-reinforced plasticsand multi-layered structures (Araujo-Andradeet al., 2021). Nonetheless, manual sortingremains an important part of plastics wastemanagement, especially in regions or facilitieswhere automated systems are not available or
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Figure 5. Classification of the plastics sorting methods (Ruj et al., 2015).

economically feasible.
Automatic separationAutomatic separation of plastics waste can befurther classified as dry sorting techniques andwet sorting techniques.
Dry separationCleaning of plastics waste can be carried outusing a dry or wet process according to thequality of the collected waste samples. Whencompared to the wet cleaning process, drycleaning with air has more advantages asit avoids excessive energy consumption forthe post-separation drying process. It canbe separated from dirt and dust in the wasteplastics materials using proper equipmentsuch as screen units and air stream separators(Jank et al., 2015; Chanda, 2018).Dirt and dust particles that adhere tothe plastics materials due to the electrostaticcharge can be removed using a screen unitand air separator, respectively. In the screenunit, mixed plastics such as various types ofcomposite materials follow the size reductionbefore the dry-separation (Hansen et al., 2007;Jank et al., 2015). In the air stream separators,lighter materials have been carried upwardby the air stream to discharge and heavy

materials have been carried downward. Thecascade separators that separate fibres andinsulation film or foam and soft film and thefluidized air bed separators that separate therubber from rigid thermoplastics or aluminumfrom plastics are the commercially availableair stream separator units (Chanda, 2018).

Air classifier

Air classifiers are used to distinguishheavy plastics materials from light plasticsmaterials using airflow as a medium (Serrantiand Bonifazi, 2019). Furthermore, thistechnique can be used as a cleaning process ofcontaminants such as dust, sand, glass powder,and wooden materials in the main plasticswaste stream. This technique has a simpleworking principle; that is, the heavy materialsare blown down with the speed of the airstream, and the light materials are blown upas shown in Figure 6. (Shapiro and Galperin,2005; Gundupalli et al., 2017). In practice,plastics waste such as packaging materialsand foils can be separated primarily fromautomotive parts, electrical and electronicdevices through air classifiers.
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Figure 6. Schematic representation of an airclassifier (Serranti and Bonifazi, 2019).

Triboelectrostatic separation

The triboelectrostatic separation method is astrongly suitable method for plastics wasteseparation due to the maintenance of theoriginal properties of the plastics, such ashigh efficiency, low cost, and the low impactof environmental pollution (Li et al., 2015).Dielectric properties in plastics particles areused in this separation. plastics waste particlesare rubbing together to induce differentelectrical charges and separation is carried outinside an electric field that contains positiveand negative electrodes (Al-Salem et al.,2009). The triboelectric charging sequence inplastics can be aligned as positively chargedplastics to negatively charged plastics; (+)ABS-PP-PC-PET-PS-PE-PVC-PTFE (-)(Dodbiba et al., 2002; Serranti and Bonifazi,2019). Furthermore, when two plasticsmaterials in this sequence are rubbed againsteach other, the material closest to thepositive end is charged positively and thematerial closest to the negative end is chargednegatively. The main disadvantages in theelectrostatic separation of plastics waste canbe identified as follows: The plastics wastestream should be dry and clean because waterand dirt particles on the surface of the wasteplastics would not provide specific electricalproperties to the plastics (Wu et al., 2013).

In addition, the additives and fillers in theplastics would prevent the surface charging ofthe plastics (Wu et al., 2013; Li et al., 2015).
Spectroscopic separation
Spectroscopic separation is carried outbased on optical spectroscopies such as theFourier-transform infrared spectroscopy(FTIR), near-infrared spectroscopy (NIRS),Raman spectroscopy (RS), and X-ray and laserspectroscopic techniques. When exposed toa specific optical wavelength, the plasticsmaterial reflects an ideal spectrum for eachtype of plastics. According to the spectralfingerprints of the chemical composition ofplastics, it has been able to differentiate intoplastics types (Araujo-Andrade et al., 2021).

The FTIR is present in the mid-infrared(MIR) region which provides a wide spectralrange (4000-400 cm-1) for molecules tovibrate at specific wavelengths by absorbinginfrared radiation. The most common plasticsused in the packaging process such as PET,polyamide, polylactic acid, HDPE, PVC, LDPE,PP, and PS can separate through the MIRspectroscopy analysis (Jung et al., 2018). Themain advantage of this method is colouredand black plastics that have included carbonblack or fibre materials can be identified due tothe MIR range poses beyond the visible range.Recently, the MIR spectroscopy system iswith a combination of hyperspectral camerasthat are working on the MIR range canprovide chemical imaging based on molecularinformation of the sample. It is more reliableto separate black plastics into specific plasticsusing hyperspectral cameras with MIRspectroscopy technology (Araujo-Andradeet al., 2021).
In addition, plastics with minor changesin the structure, such as PP, PS, polyamide, PE,acrylonitrile, ABS, PET, polycarbonate, PVC,polyurethane and polyvinylidene chloride, canbe separated due to the high sensitivity ofdetection using Raman spectroscopic analysis(Araujo-Andrade et al., 2021). However,
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the detection of acrylonitrile specificallymay present challenges. This is becauseacrylonitrile, a monomer in some plastics likeABS, has a strong CN stretch vibration that mayoverlap with other signals in the spectrum,making it harder to distinguish dependingon the spectral resolution and the specificmatrix in which it’s embedded. Furthermore,Raman spectroscopy and near-infraredspectroscopy (NIRS) cannot be used toseparate black plastics since these techniquesoperate in the visible to near-infrared region,where black materials absorb most of thelight, reducing the effectiveness of thedetection (Brouwer et al., 2018). The laserand X-ray spectroscopic techniques arecommercially used to identify and separateorganic and inorganic materials in plasticssuch as flame retardants or inorganic fillers(Araujo-Andrade et al., 2021). Table 4summarizes the commercially availableoptical techniques and their functionality inplastics identification.
Wet separating techniques
Sink-float separation: The plastics materialsare separated according to their densityin a suitable separation solution mediumin the density separation method. Herein,plastics that are lower density than that ofthe medium solution come to the surfacewhereas plastics that are higher densitythan that of the medium solution sink inthe bottom. The olefinic materials includingHDPE, LDPE, and PP can separate from PET,PVC, PS, and ABS plastics from the flotationsection when using water as the mediumsolution in the float-sink tank (Pongstabodeeet al., 2008). In addition, different mediumsolutions are required for individual separationof both flotation and sink plastics materials.Composite plastics materials that incorporatefillers in the processing and hollow shapeplastics cannot be separated using this densityseparation technique. This technique canmainly be used to separate polyolefin fractions

from post-consumer plastics. Although, wastefractions should undergo pre-separation andscreening steps to avoid impurities as organicand wooden waste (Bauer et al., 2018).
Hydrocycloning: Hydrocycloning is a densityseparation technique. It uses centrifugal forcesand fluid resistance to separate particles withdistinct properties (Hansen et al., 2007; Yuanet al., 2015). First, the size of plastics particlesshould be reduced and introduced into theinlet in a perpendicular direction. Afterward,materials are rotated within the vessel andeventually created a vortex. The centrifugalforce moves heavy materials outward andcould be collected from the bottom of thechamber as shown in Figure 7. The lightmaterials move into the centre of the vortexand can be collected from the upper partof the chamber. It has been reported thatlow-density particles are difficult to separatefrom the cyclone chamber due to the particlemoves away by the underflow stream (Yuanet al., 2015). This separation method requiresrelatively complex instruments and needsto have exact characteristic control of theplastics such as polymer to fluid ratio, particlesize, and particle morphology (Serranti andBonifazi, 2019).
Selective dissolution: The selectivedissolution and reprecipitation methodsare used to separate target polymers frommultilayered materials. Different organicsolvents, such as toluene, tetrahydrofuranand xylene, are used to dissolve the firstpolymer of multilayered plastics material inthe solvent whereas second polymers andadditives remain as residues. The dissolvedpolymer can reprecipitate after separatingthrough filtration of the remaining residues(Kaiser et al., 2017).

This method has been applied to therecycling of waste plastics packaging,electrical and electronic equipment (Knappichet al., 2017), and construction materials(Kaiser et al., 2017). The advantages of thismethod are that high-quality material can be
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Table 4. Summary of commercially available optical techniques in plastics identification (Araujo-Andradeet al., 2021).

obtained from the precipitated polymer andno complex sorting techniques are required.The main drawbacks are that the high solventcost and energy required drying process ofrecovered polymers (Kaiser et al., 2017).
Other automated separation techniques
Other automated sorting techniques employvarious properties of the waste materialincluding magnetic susceptibility, electricalconductivity and density for heavy mediaseparation by applying external fieldslike magnetic, eddy current and gravityrespectively (Gundupalli et al., 2017;Araujo-Andrade et al., 2021). Auxiliary

separation techniques are used to clean theplastics waste stream from other materialssuch as ferrous metals including stainlesssteel, nickel alloys, and non-ferrous metalsincluding aluminum and copper (Serranti andBonifazi, 2019). Magnets are used to separateferrous metal whereas eddy current-basedseparators are used to separate non-ferrousmetals (Serranti and Bonifazi, 2019).
Materials can be separated before thesize reduction or after the size reductionaccording to the resin type and the colourin the automated separating techniques. Inmost of the recycling industries automatedseparating techniques are used to separate
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Figure 7. Schematic presentation of plasticshydro-cyclone separator (Serranti and Bonifazi,2019).

look-alike post-consumer bottles such asnon-pigmented PVC and PET bottles (Chanda,2018).
Sustainable plastics waste management-
Public awareness and legal framework

Plastics waste management cannot besustainable without the support of society.Therefore, public awareness and the legalframework on plastics waste managementare very important. Several researchershave identified factors that affect theimplementation of waste managementsystems in a country such as participationof the citizen, the sufficiency of resources,people’s awareness and training, staffawareness and training, availability of themarket, support from the political leadership,and contribution of the society and thebusiness community (Fernando, 2019;Basnayake et al., 2020).
In terms of plastics waste management,public awareness about the plastics types,characteristics, and application is very

important. As in many developing countries,a lack of commitment to sustainable wastemanagement practices from the public can alsobe observed in Sri Lanka. Waste segregationat the household level is also practised ata minimum level. Even though they aresegregated, collectors dump all waste into onecollection chamber installed on the garbagecollecting vehicles. Therefore, knowledgeabout plastics types and recyclable codesshould be included in the education system inSri Lanka. Public awareness programs shouldbe implemented at the school level with thepriority of the local authorities. For that, thegovernment can get the support of the privatesector. It can implement the separation ofplastics waste according to their type amongthe society by advertising through mediachannels. Also, introduction of TV-seriesand movies about the importance of plasticswaste management and the separation processas a community can be done to increase thepositive attitude towards the source separationof plastics waste. In addition, staff awarenessabout the plastics types is also important inthe waste collection and separation section inmunicipal councils. Award systems can alsobe implemented to motivate the workers whohave the correct knowledge about the plasticsseparation process.
On the other hand, the establishedpolicies should be maintained in a properlegal framework. People and manufacturingcompanies both should be able to act beneaththe policies when it comes to disposing ofplastics waste and manufacturing plasticsproducts, respectively. Political leadership andthe ministries that are responsible for wastemanagement should stop the blaming gameand properly handle and sustain the wastemanagement plans.

Conclusion and Recommendations
Plastics waste management is a challengingproblem in Sri Lanka as a developing country.
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However, this can be done by establishinga proper plan, policies, and engagement ofcitizens. The conceptual model suggeststhe post-separation of plastics waste in awaste park that was established in the smalleradministrative boundary of the country asPradeshiya Sabha. For that, a combination ofplastics waste separation techniques can beused. At the same time, source separation ofplastics waste according to the plastics-typemust be encouraged at the domestic level.Then the source-separated plastics waste washanded over to the waste parks near the area.These waste parks can be used as intermediatesorted plastics waste distribution points forfurther processes such as recycling, pyrolysis,and incineration. Legal framework and publicawareness are recommended as an essentialpart of this process.
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