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Abstract:Thermoplastic polymers are extensively utilized in electronics, aerospace, automobile and additive 

manufacturing industries due to low cost, low temperature processing and reusability. Thermoplastics of 

different grades and chemical structures arereadily available in the market They can be reusedand reshaped, and 

also can be manufactured with less weight proportion as compared to the metals and ceramics by providing same 

strength of material. As a result, the plastics products in the market are getting popular day by day with high 

demand of customized products due to inception of additive manufacturing technologies. In any case, the issue 

of recycling these materials is challenge due to enormous energy requirements and varying chemical 

composition of different polymers. There are both mechanical and financial issues that restrict the advancements 

in this field. The recycling process of polymers can be done by the four different ways such as primary recycling 

process, secondary recycling process, tertiary recycling process and quaternary recycling process which can be 

discussed in this systematic review with practical examples. The modifications and implementation of these 

polymer waste recycling techniques could help to reduce wastage and save material cost which would directly 

affect the economy of contemporary industries. 
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1. Introduction 

 

The creation of new polymers has been directly connected with recycling of the polymers after usage which 

means properties of the polymers have been checked according to first time use and then the benefits obtained 

after using one time by doing recycling processes. A slower improvement inside the field of reusing makes a 

significant issue: huge amounts of utilized polymeric materials are being disposed of consistently. It prompts 

environmental and therefore social issues[1]. Earlier the used polymers was dumped under the oceans during 

90’s but after 1990 the government denied to dumping process of the polymers due to which the recycling 

demand of the polymers has been increasing rapidly in the market[2]. If the polymers are not in recycling use in 

the future so it means, there is continuously degradation of the polymers from the cycle of economy. So, overall 

the recycling process plays a vital role which can help economically to maintain the prices of reuse polymers in 

the market, helps to improve the pollution from the environment as the re-usage of the polymers, and improve 

the social issues. Nowadays, the additional worth made by reusing is likewise fairly low; therefore, a lot of 

utilized plastics and manufactured materials can be just incompletely come back to the financial cycle[3]. The 

recycling process for the ceramic and metals are easy as compared to polymers because by reusing the ceramics 

and metals mostly the same properties can be obtained but in polymers its hard to maintain the same properties 

after recycling process. So, the various recycling processes and experiments are going in the market to get better 

results after the recycling of the polymers. The recycled polymers can be the highest demand for the textile and 

the plastic industries and also used in energy and fuel industries in the coming years. The waste materials after 

the first usage have been divided into three parts basically named as post- customer, end of waste and end of live. 

End of waste means when the materials can use for recycling process while when the materials are within 

production. Post- customer and End of live means when the polymers are recycled after the lifecycle of the 

product like materials used of packaging, materials used for making mobile phones, computers, televisions and 

many household devices. The recycling processes can be done according to the properties have to obtained after 

that in which various purification methods and sorting methods can be used to get the better outputs from the 

recycled materials. The mechanical recycling process and chemical recycling process is the highest demandable 

recycling method in the market. The situations in a lifecycle of an item and its manufacture are illustrated in 

figure 1 and their important properties are summed up in Table 1. Maximal decrease of utilization of 

nonrenewable materials and the vitality in items and procedures, just as tough enhancement of utilization of 

vitality sources and fuel, stay significant difficulties for our general public. The motivation behind this paper is to 
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give a preview of important social turns of events and market advancements, and innovative work exercises in 

the field of reusing[4]. 
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Fig. 1 Position of Different Recycling Processes in the Lifecycle 

 

 

 

Table 1 Properties obtained by using different Recycling Processes 

 

 

2. Recycling Methods 

 

Recycling of the composites can be done by basically three ways named as mechanical, chemical and 

thermal. The different ways to do the recycling of material has been shown in the following figure 2. 
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Fig. 2 Types of Recycling Method 

 

 

2.1 Thermoplastics Primary Mechanical Recycling 

 

Primary recycling means when the polymers are directly used after the first usage without any change of 

properties in the product. Thermoplastics primary recycling has been mostly utilized by the first user only from 

the industrial waste[5]. Thermoplastic Primary Recycling process also called as closed loop process because 

there are very less changes in the properties done after this process and no external method implemented on it. 

Primary recycling process is one of the most difficult process and not much popular recycling process in the 

market because mostly the sorting of the materials can be done manually which may be most costly to get the 

specific properties for the particular requirements[6]. The final product in the primary recycling process can also 

be done by grinding process in which one time used material can be blend out with different polymers to get the 

fine properties from the final product. After grinding, mixing or milling process the material should be purifies 

with one or two different steps to get the fine properties in the final product[7]. Primary recycling can also be 

done by melting the material and recycled for the use of new purpose by enhancing some properties of the 

material according to the requirements and the different mechanical methods which are commonly used  named 

as molding process done by injection process, molding done by rotators, heat pressing and hot extruding 

process[8]. Primary mechanical recycling process is also named as Closed Loop Processing technique because of 

the following reasons[9]: 

 

• disposed of materials are incorporated rapidly once more into the creation cycle 

• waste material can be easily removed directly from the products 

• polymers after primary process can perform under high temperatures very effectively 

• after primary recycling the final product can work same as properties of the fresh product  

The best example of the primary mechanical recycling process is the recycling of the Television back covers 

which comprised of mixes of polycarbonate with acrylonitrile butadiene styrene with phosphor-based fire 

retardants were changed over into fresh back covers of the television[10]. 

 

2.2 Thermoplastics Secondary Mechanical Recycling 

 

Secondary Mechanical Recycling is the method of recycling in which the proper separation and purification 

of the material can be done as compared to primary recycling process. In secondary recycling process other than 

thermoplastic polymers can also be reprocessed while in the primary recycling only thermoplastic material can 

be recycled. In the secondary recycling process the polymers of the materials cannot displaced from their 

positions but the weight of the molecules falls down and it forms a chain like structure with the help of different 

chemicals or water[11]. The final product after secondary recycling process obtained having poor mechanical 

properties because of the mixture of polymers in the matrix materials like an example poly(ethylene 

terephthalate) mixed with poly vinyl chloride decreased the mechanical properties of the final product after 

recycling process. The material separation during the recycling process can be done before making any new 

material in the secondary recycling process. Infrared spectroscopy can be used to recognize the type of polymer 

present in the material. Optical color machine can be used to differentiate the crystal clear materials and the 

colored materials from each other. Laser sorting technique is using now a days to separate the various electrical 

components from the scrap and also to differentiate the various kinds of plastics presents in the waste 

materials[12]. The new technology named as electrostatic detection can also be used to find out the useful 



Processing and Recycling of thermoplastic polymers: Current Scenario and Future Challenges 
 

2747 

 

materials from the waste material. In primary recycling process there is no purification done before recycling 

process whereas the secondary recycling processes have various properties which has been discussed below[13]: 

• Waste materials after recycling also can be available for various different uses. 

• Any shape can be formed after recycling 

• Complex structures can be manufactured after recycling which can withstand with various different 

range of temperatures. 

• Recycled material is not much costlier as like fresh material. 

• Availability if different range of prices of materials. 

• Beneficial for social and economical aspects. 

In the secondary recycling process mostly used to form the new car products from the scrap of the cars hence 

after the secondary recycling process it does not obtained the good quality materials as like the fresh material. It 

has been concluded that when the material after the secondary recycling process become so costly then it can be 

converted n some fuel for the different uses in our society. Papaspyrides et al. utilized industrially accessible 

settling added substances (e.g., Recyclossorb 550) to save the chain length in the closed-loop recycling process 

of post-purchase surges of polypropylene (PP) and high-thickness polyethylene (HDPE). These added substances 

contain cancer prevention agents and different other settling parts. Especially promising outcomes were 

accomplished in the reuse of HDPE bottle boxes[14].Arkan et al. have exhibited the viability of this 

methodology for mixes of low-thickness polyethylene (LDPE), HDPE, PP, polystyrene (PS), PVC, and PET 

under the proper scaling of the lab. They utilized xylene, toluene, dichloromethane, and benzyl liquor as solvents 

and n-hexane and methanol as with the non-solvents[15]. 

 

2.3 Thermoplastics Tertiary Mechanical Recycling 

 

Tertiary recycling processes are that type of process in which the polymers are in the form of chain structure 

can be reformed in the small molecular structure by using the different chemical processes and some of the 

examples of that are pyrolysis structures, hydrolysis structures, gasification and hydrocracking[16]. The products 

which are in used while during the conversion of chain like structure polymers into the small molecular are 

mostly in the form of liquids or in gaseous form[17]. The governments gives the subsidies on the tertiary recycle 

processed to the industries because with the help of this kind of process low price of final material can be 

achieved with high range of properties[18].Polymers shaped through polycondensation responses (Figure 3), for 

example, polylactic acid (PLA), poly(ethylene terephthalate), and polyurethanes, can be productively 

depolymerized; in this way, the acquired monomers can be reused to combine the fresh polymers[19]. Panda and 

Singh did the research to find out the fuels like diesel, gasoline and kerosene by using the different chemical 

from the waste materials of polypropylene with the pyrolysis process by taking a kaolin clay material which act 

as a catalyst material in it. The maximum amount of oil extracted from the polypropylene process was 85%[20]. 

Vicente et al. performed an experiment on high density polyethylene to examine the cracking come due to 

thermal changes at 4000C by using the phenol in it which improves the chain reactions and the main products are 

obtained from this chemical process are olefins[3]. Zhuo and Levendis analyzed the formation of nanotubes with 

the help of polymer waste in the tertiary recycling process. It has been observed that exact amount of catalyst 

was required under the pyrolyzed process at proper suitability conditions. The materials obtained after this 

process used in electronic industry, biotechnology industry in the form of nanotubes[21]. 
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Fig. 3Polycondensation Process[19] 

Polyurethanes have a property for producing the amines and polyols as shown in the figure4. The amines and 

polyols is act as a fuel to produce the new materials after the recycling in the form of polyurethanes but the 

hydrolysis of the polyurethanes cannot be used for the recycling process because it is very much expensive as 

compared to polyols and amines[22].  

Fig. 4 Hydrolysis process of Polyurethanes[22] 

Glycolysis of Polyurethanes is the best process to recover the polyols in the Polyurethanes synthesis has been 

shown in figure 5. This reaction can be done only when the temperature range is above than 2000C. This 

glycolysis process is the most famous process in the recycling processes because of its best recovery within short 

period of time[23].  

 

Fig. 5 Glycolysis of Polyurethanes[23] 
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2.4 Thermoplastics Quaternary Mechanical Recycling 

 

 

Fig. 6 SEM images of PolycarbonatePoly-Vinyl Chloride, Poly(methyl methacrylate), , Acrylonitrile 

butadiene styrene, Polystyrene 

 

Quaternary recycling method is that type of method in which the energy of the materials can be reformed[24]. 

Quaternary recycling method is a well-known strategy for vitality recovery[25]. This technique is particularly 

utilized for handling of blended and vigorously sullied squanders, which can't be effective as well as monetarily 

reused by some other technique. Consuming of vitality thick waste can make warmth, power, or different types 

of vitality, which can be legitimately utilized in innovative procedures or for warming of structures[5]. 

Quaternary reusing diminishes volume fraction of the waste materials to generally 0.8% of the underlying 

volume and decays harmful and infectious waste. It is along these lines perfect for the reusing of clinical 

applications and bundling of perilous products. Inorganic constituents are changed over to inactive slag through 

burning and can be utilized for the development of streets[14]. Different arrangements and techniques are 

utilized to use the quaternary recycling process. The waste materials came out from plastics can be utilized as a 

vitality thick fuel for processes that run at high peak temperatures, the estimated value of the calorific of this 

process is basically engineered polymers which are mostly higher than that of coal temperature[26].The materials 

which can be manufactured with the help of this process are used for making cement furnaces in the industries 



Balwant Singh, Raman Kumar, Jasgurpreet Singh Chohan 

 

2750 

 

because it can withstand with high temperatures.Chung et al. done experiment an intriguing way to deal with 

decreasing the arrangement of 1,2-dichlorobenzene, Carbon mono oxide, and conceivably dioxins, which take 

after substance structure and poisonousness of the previous one, by abusing the synergistic impact among 

Titanium and Iron: through the expansion of Iron Oxide nanoparticles secured with a permeable layer of TiO2 

into PE or PS followed by burning in a pressed bed reactor fundamentally less harmful gasses were identified 

after the preparing within the sight of the blended impetus in contrast with iron oxide and titanium oxide alone or 

no implanted particles in the polymers[27]. 

 

SEM images of the various materials like Poly-Vinyl Chloride, Poly(methyl methacrylate), Polycarbonate, 

Acrylonitrile butadiene styrene, Polystyrenebefore and after the different thermoplastic and thermosetting 

mechanical  recycling processes has been shown in the following figure 6. 

 

3. Survey in Market for Different Recycled Materials 

 

In this survey it has been possessed out that all the manufacturing industries are trying to find out the 

different ways to reuse or recycle the materials. Significant variables among others are the accessibility of 

materials, coordination’s and framework, vitality utilization, and enactment[28]. In this survey model, we will 

examine monetary parts of included markets and some other applicable subjects. 

 

3.1 An overview on the Polymer Market  

 

The polymer used in different industries throughout the world is like 65% of polymers were used by 

thermoplastics industries, 13% of polymers used by the textile industries and 4% by glue industries and near 

24% of polymers are manufactured by the European countries. The packaging industries used 41% of reused 

polymers, 20% by construction industries and 13% by textile industries. The polymers basically have the 

electrical and thermal properties which can also withstand for high temperatures which can be used in making 

the products of automobile industries, electronics industries, making turbines and in construction industries. It 

has been observed hat fresh polymers have much better properties as compared to the recycled ones but the 

recycled polymers are low in price as compared to virgin polymers which is the biggest factor to boost up the 

sale of the reused polymers. The price of the fresh polymers are actually directly proportional to the prices of 

fuels which was continuously increasing from the last few decades[12].Another subtlety as the referenced is that 

the mixture of at least two polymers framing a waste stream can prompt the presence of a beneficial blend of 

properties or potentially new properties, which is available in the introductory material[29].Additionally, data 

about accessibility, quality, and supportability of reused polymers can likewise play a huge role. This positive 

pattern may proceed into the future with the assistance of R&D: mechanical advancement may diminish reusing 

costs through advances in process productivity and huge upgrades in the nature of reused materials[30] 

 

3.2 Materials used for Packaging 

Packaging materials are the biggest consumption of the reused or recycle polymers around 40% consumption 

done by the packaging all over the world. The polyolefines and polyethylene are the most packaging material 

used in the industries to manufacturing the bottles, bags and various things which have only two to three months 

validity[31]. In numerous nations, plastic packaging materials are gathered independently from the remainder of 

the waste. In the greater part of the holder parks, there are additionally extraordinary frameworks for hard 

plastics, foils, and Styrofoam.The use of recyclates for food packaging is somewhat restricted in view of high-

security prerequisites: poisonous synthetic compounds can be consumed into the polymers and diffuse later into 

the food. Nonetheless, reused polymer parts that have not come into direct contact with food can even now be 

utilized[32]. 

 

3.3 Materials used for Constructions 

Materials used for the construction are the second biggest consumer of the polymers around 20% 

consumption done by the construction industries. Materials like construction pipes, water tanks, carpets are come 

under this section and this type of material has been manufactured according to the 10 to 12 years’ time span of 

life so it is mainly eco-design recycled polymers which can be used for long terms. Now a days Poly Vinyl 

chloride is the most famous polymer in the construction market for the decoration purposes, under-ceiling 

purposes and many more[33]. 

 

3.4 Materials used in Textile Industries 

Materials used in Textile industries are the third largest consumer of polymers around 13% consumption 

done by textile industries and it is continuously growing within coming few years because of the higher demand 

of the synthetic fibers in the market. As, we know that the wool carpets which was used earlier in the houses has 
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been replaced with the polypropylene polymers. Also the polypropylene polymers are used in manufacturing the 

raincoats, materials used for making umbrellas[34]. 

 

4. Challenges and Future Scope 

 

The wastage of the materials obviously will be increased in the future as the population of the world increase 

and even more the comfort zone level of the people continuously increasing day by day due to which usage of 

polymers also will increase in the future coming years. Polymers have continuously been used in making 

materials of wood, glass, metal, and plastics[32]. The plastics business has been hampered by the worldwide 

downturn in 2008, yet consistent the development has been distinguished since 2009. The pace of reusing of 

polymers is required to display a pattern like their creation[35].Current patterns uncover that guidelines to 

decrease dumping at the ocean has been generally effective. Notwithstanding, the rising interest for plastics is 

relied upon to prompt a compounding of the existing circumstance with a huge increment in plastic usage 

volume foreseen to happen even in the profound sea. Therefore, an inventive arrangement is required for the test 

of the product assortment and reuse of polymeric waste from the seas. Still there are many areas in which 

recycled product can be used to save our environment for which many researchers presently work on the 

biodegradable polymers and also research is going on the anti toxic polymers made from natural polymers[36]. 

The mixed plastics catalyst polymers recycling process is the latest topic on which researchers are working to get 

the better outputs. 

 

Research and development exercises are required to turn around this expanding waste issue. They ought to 

incorporate enormous scope tests and cautious construction industry investigations. More consideration must be 

paid additionally to less-preferred to strategies, for example, radiation techniques, compatibilization, cross-

connecting, and utilization of ionic fluids. The last ones are required to turn out to be fundamentally more 

monetarily appealing in the event of their more extensive mechanical application what's more, effective re-use in 

the future. As a rule, the utilization of lab-based strategies may prompt the improvement of new startling and yet 

useful answers for the recycling processes for the different industries. 

 

5. Conclusions 

Thermoplastic polymers play an important role in functional, smart and 4d material applications in addition 

to additive manufacturing industry. The excellent mechanical properties, wear resistance, toughness with lower 

melting temperatures make them suitable for low temperature extrusion and molding for rapid prototyping 

applications. The present review highlights different types of polymer recycling techniques such as primary 

recycling, secondary recycling, tertiary recycling and quaternary recycling. The chemical process along with 

changes in material properties after each recycling process are discussed in detail. Afterwards future challenges 

and scopr for further research is elaborated.  
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