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Abstract. In the past few decades (after the industrial revolution) the
pollution caused by polymers has become a matter of concern and recycling
of polymers as a solution has attracted global attention. Several studies were
conducted in the context of polymer recycling, but hitherto little has been
reportedon the impact of technological solutions for recycling polymer
waste and its effect on the economy andenvironment. In the present study,
different polymer recycling techniques have been outlined in a
comprehensive manner along with the effect of recycling on the economy
and environment. Also, bibliographic analysis was performed to understand
possible research gaps.

1 Introduction

In the past four decades, polymers (both thermoplastic and thermosetting) have become an
inseparable part of humanlife. These plastics have transformed human life in many ways.
Plastic has unique properties like cost effectiveness, lightweight, corrosion resistance and
easeof manufacture. These qualities have enhanced theproduction of plastics dramatically [1,
2]. As per reportedliterature, more than 8400 metric tons (MT) of plastic hasbeen produced
till today. Also, a huge amount of 6300 MT (approx.) of plastic waste has been generated.
Approximately 12% of total plastic have been incinerated, 9% of which has been recycled
and 79% was accumulated in landfills or neutral environment [3-5]. Shortly, if this trend
continues for the next 10 to15 years, the eco-system will be unable to cope with the amount
of plastic being produced. It has been reported that plastic waste is very harmful to the
environment and to marine life [4, 5]. More than 12.7 million MT of plastic enters oceans
per year and is supposed to increase for the next 20-30 years [6]. The great Pacific garbage
patch has become the greatest threat to marine life. This patch consists of more than 80,000
tons of waste plastic and it has been spread over 1.6 million square kilometers. The majority
of this patch consists of ghost fishing nets (discarded fishing nets),plastic bags, polyethene
tetrathionate (PET) bottles, caps, and single-use plastic waste. 8% of the patch consists of
microplastics. This plastic waste is responsiblefor toxifying seawater thus destroying their
aquatic life [7]. It gets ingested by aquatic animals and destroys their natural habitat [4-7].
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The world is moving towards a circular economy. Theleakage of plastic in the
terrestrial and aquatic environment should be precisely controlled [8]. It should be done by
improving after-collection and enhancing storage facilities. Strict government regulations
and more innovation for plastic alternatives are required. Paris Agreement is one of the recent
initiatives taken by the United Nations to join countries together on the issue of greenhouse
gas emissions and environmental pollution. Asof the year 2020, a total number of 169
countries have signed this pact. There is a strict need to develop carbon-neutral alternatives
to decrease greenhouse gas emissions [2].

Furthermore, recycling plastic is one of the solutions for the reduction of plastic
waste. The recycling of plasticcan be divided into several types: primary, secondary, tertiary,
and quaternary [9-14]. Someimportant points of mechanical recycling (primary, secondary)
are screening, shape separation, magnetic separation, electrical-conductivity-based
separation, and density separation. Some researchers have developed acrylonitrile butadiene
styrene (ABS) and polylactic acid (PLA) based filament from their waste through primary
and secondary recycling. Generally, two types of recycling methods are deployed:
conventional recycling method and distributed recycling method [12,13]. In developing
nations generally, the conventional recycling method is used. In this method, plastic waste is
separated and then collected by scavengers and waste pickers after thatit is transported to a
collection centre and reclamation facility [14-16]. On the other hand, a distributed recycling
system has numerous benefits over the conventional recycling system it consists of a
shredder, extruder, sensing element, and control component. There are ampleadvantages of
a distributed recycling system over the conventional/centralized recycling system. The
substantial embodied (energy used in transport and waste collection) energy saving in the
case of a distributed recycling system is more than 80%. It has been revealed from the study
that 100 million MJ of energy can be conserved if high density poly ethylene (HDPE) is
recycled with a distributed recycling system (in USA).

There has also been a significant reduction in greenhouse gas emissions. A novel
path has been established for both developing and developed worlds with the least
environmental impacts [17]. Tertiary recycling involves chemical-assisted mechanical
recycling. Incineration is a type of quaternary process which is widely used for recycling. It
is also termed as a thermal treatment process [9]. Incineration is also socially opposed as
there is a release of toxic and hazardous gaseslike dioxin into the atmosphere [10,11].

In the previously reported studies, researchers have explored the way to deal with
plastic waste and to supporta circular economy. The economic and environmentalfeasibility
recycling approach to deal with waste plastic has been explored [18]. A mixed integrated
linear programming model (MILP) was used as an evaluation tool for the local closed-loop
recycling network. The MILP helps to evaluate polymer waste resource selection routes. It
also helped with the means of selection of transport for each route. It helps in the decision-
making process forfeasibility and evaluation [18]. One example of distributedrecycling
additive manufacturing (DRAM) consists of mechanical grinding to fused granular
fabrication then to the development of composite and finally to prototype development. Scrap
and windshield wiper blades have been converted into biomedical products for finger- tip
grip for hand prosthetics [19].

In recycling, the recycler has become the end-of-lifefacilitator. Recycler analyzes
shares and exchanges information with the designer [20].In circular economy consumption
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of natural resources should be optimized. There should be an optimized transformation of
production chains. Consumption patterns are transformed into a newly designed industrial
system. The circular economy is restorative or regenerative by intention and design [21].
Linear recycling aspects such as recycling maintenance and composting require proper
methods to increase circularity to take advantage of unexplored opportunities. There are
ample amount of benefitsassociated with a circular economy which include material cost-
saving, constant price, reduced environmental pressure, and impacts. Manufacturers should
take into account the true cost of materials and design products while keeping in mind asset
recovery.Resourceful products are generated from waste materials in a circular economy. It
reduces the waste content and there can be a 70% reduction in greenhouse gas emissions in
a circular economy [22]. Generally, two types of models are followed in a circular economy.
One is that repair, remanufacture, and upgrade materials and extend their service life. The
second method is one in which oldgoods are converted into new materials using recycling.
A circular economy behaves as a lake as there is a generation of jobs, the saving of energy,
and a decline in resource consumption. On the other hand, a linear economy behaves like a
river in which all the natural resources are wasted. One example is Michelin a tyre
manufacturing giant that has adopted a circular economy model, as it is providing customers
the option of regrooving tires instead of throwing them away through its various workshops.

The circular economy contributes to 3-dimensional development i.e. economic,
environmental, and social [23]. The conventional perception of the system is open-ended.
Capital goods as the temporary embodiment of resources (R), and circular economy
production (P) produces consumer goods (C) and capital goods (K). Consumption finally
creates utility (U). Fig. 1 represents a conventional circular economy. Fig. 2 represents a
close-ended circular economy where W is waste and r is recycling. It works onthe first law
of thermodynamics which states that total energy and matter remain constant in the closed
system.When box r is added to the open end system it converts it into a circular economy
[24]. Fig. 3 represents graphical representation of documents published yearly in recycling
area (based upon Web of Science data of past 20 years).
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Fig.1. Conventional circular economy open ended [24]
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Fig. 3. Graphical representation of documents published yearly
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2 Types of polymer waste

2.1 Electronic (E) wastes (with polymer matrix)

E-waste recycling has become a biggerenvironmental problem. In the recent past,
researchers have studied different types of E-waste and potential environmental contaminants
associated with E-waste. It hasbeen outlined that environmental contaminants like Pb, Sb,
Hg, Cd, and Ni can be traced in drinking water and consumable food items, especially in
underdeveloped countries. Contaminants have also been found in agricultural and
manufactured products. Researchers have suggested different remedial options to make a safe
distance from E-waste contamination [25]. Some researchers havestudied the mechanical
recycling of E-waste specifically printed circuit boards (PCB). In thisstudy, different
separation methods such as mechanical, chemical and electrical have been examined. A most
effective method for the segregation of different components from PCB scrap has been
developed for the separation of Al and Cu. Results were supported by X-rayand EDS
micrographs [26]. Calculation of E-waste depends upon the contribution of an item to an
annual E-waste production. It can becalculated as EEMN/L where M is the mass of item in
kg, N is the number of units in service Lis life span. Life cycle assessment (LCA) has been
applied to different home appliances like washing machines, refrigerators, television (TV)
sets highlighting the final phase of theproduct, and calculating the threshold time beyond
which it is harmful to handle this type of equipment.It is in accordance with EU directives
issued for waste electrical and electronic equipment and should be treated inan eco-
friendly way. With cognizant of EU directives producers should finance collectionfacilities,
treatment, and recovery of electronic waste [27]. Some researchers have reviewed different
recycling processes for electric and electronic equipment waste (WEEE). Some of the
processes used are eddy current separation, corona electrostatic separation, and jigging. For
mechanical recycling, there has been shredding of electrical and electronic waste and particle
size of 5-10 mm is gained. It is accepted to havea mechanical recycling process for upgrading
oflow metal content plastic scrap [28]. There has been an exponential increase in E-waste
production. Countries like Nigeria heavily rely on 2™ hand equipment from developed
countries primarily from Europe and NorthAmerica for rapid advancement in information
and communication technology. Emphasis is onremanufacturing and recycling to check
present low-end manufacturing practices. In 1952 when EU directives were introduced waste
management was majorly prioritized. In acomparison study between Italy and Romania, it
has been outlined that in Romania all types of WEEE have been collected but in Italy, the
main emphasis is on household appliances. It has been proposed in EU directives that post-
consumer responsibility for a product life cycle up to its final disposal has to be fixed.
Heavy metals like Pb, Hg, Cd and flame retardants like polybrominated biphenyls must
be replaced by safer alternatives. High impactequipment should be a priority recycled in
countries with transient economies rather than recycling all usable ones [29]. There will
be aphenomenal increase with new technologies andaffordable electronics. A more verifiable
inquiry is required for generating stockpiling, capturing for reuse and recycling. Standardized
methods and techniques are required to estimateWEEE generated in different countries. Cost-
effective methods are required to reduce the financial burden on developing countries. A
very swift and accurate method should be globally incorporated for the effectivemanagement
of electronic products [30]. Waste electrical and electronics consists of valuableresources
like metals, and plastics. It is necessary to reduce environmental problems and human health
risks work should be done to eliminate toxic substances entering downstream of the material.
Entering of heavy metal substances in E-waste should be avoided [31]. Fig. 4 represents the
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general E waste recycling procedure.
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Fig. 4. E-waste recycling process in terms of four levels for product, component, material,
and substance [31]
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2.2 Polymer waste in other engineeringapplications

Some researchers have studied the recycling of polypropylene (PP) by injection molding.
Changes in chemical structure and melt viscosity, crystallization behavior, tensile and
fracture properties have beenstudied. There is a decrease in molecular weight and eventually
the melt viscosity of the polymer. Also there isan increase in the crystallization rate and
equilibrium melting temperature. There is also an increase in elastic modulus and yield stress,
however a sharp decline inelongation at break and fracture toughness was noticed. Melt flow
index increases due to chain scission mechanism. As the molecular weight decreases due to
recycling, there was an increase in mobility and the foldability of molecular chains [32].
Another study outlined reprocessing of low and high viscosity grade ABS for the
injection molding process. The design of the experiment (DOE) has been applied to plan
experiments and later analysis. As the number of processing cycles was increased low
viscosity grade had shown a reduction in melt viscosity while high viscosity grade had shown
an increase in melt viscosity. A successful mathematical model has been developed to
forecast the rheological behavior of the merged materials [33]. The study suggested a detailed
description of Dutch post-consumer plastic packaging. It consists of a polymeric composition
of recycled milled goods and household products. About 173 different post-consumer plastic
packaging samples from different locations have been collected. Material flow analysis, data
reconciliation, and process technological parameters wereused to describe the complete
network. Net yield obtained from post-consumer plastic is 30% of the total amount. A
successful experimental model has been developed for the composition of milled goods and
recovered masses [34]. In another study researchers outlined the impact of bio-based plastics
on the current recyclingcycle of the plastics. How a small quantity of PLA affects the
recycling cycle of PET and polyhydroxyalkanoate (PEF).The study was focused on three
areas:
o Different types of incompatibilities, the amount at which these incompatibilities become
noticeable.
o Effectiveness of current recycling processes.
e Amount of progress by doing dedicatedcollection and recycling.
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Researchers have developed a support policy to evenguide the recycling development
process by carefully managing new contaminants [35]. Fig. 5 represents stepby step
procedure to recycle plastic bottle waste.
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Fig. 5. High-level overview of the unit operations from bottle collection to recycle PET and HDPE
[35]

In past one decade numerous studies have been reported on use of 3D printing for recycling
of thermoplastics. Researchers have optimized inbuilt parameters of 3D printing. A balance
between raft size and supportstructure material followed by reduced raft size helps in the
reduction of scrap material in 3D printed parts. To improve the mechanical properties
increase in the numberof infill and number of shells has been done. Controlled parameter
interactions have resulted in better part production. An experimental approach for each
design is necessary for proper process optimization [36]. Some researchers have studied the
effect of recycling on the mechanical, thermal, rheological and processing properties of the
recycled materials. It has been observed in the study that if PET waste is added with PLA in
the presence of compatibilizer there has been a remarkable improvement of thermal stability
of the composite. Similarly, when ABS is added to poly-caprolactum (PC) waste with the
presence of compatibilizer there has been a remarkable improvement in mechanical
properties ofthe formed composite [37]. In another study, researchers have outlined
continuous or repeated extrusion cycles of low-density polyethylene (LDPE). Its rheological,
molecular and thermal properties have been investigated.There has been molecular re-
arrangement due to thermo-mechanical and thermo-oxidative degradation while doing
mechanical recycling. Chain scission and cross-linking are observed in rheological
measurements. There has been a decrease in melt flow index (MFI) with an increase in
number of extrusion cycles. The differential scanning calorimetry (DSC) measurements have
shown a decrease in crystallinity after the 50" extrusion cycle. These results support a cross-
linking mechanism over chain scission during extensive mechanical recycling [38]. Table 1
represents work done related to polymer recycling for various engineering applications.

fragments

Table 1. Work done related to polymer recycling
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3 Different recycling Processes
3.1 Primary recycling

Fig, 6 represents different recycling processes. Sorting is one of the important techniques
used in primary recycling. The identification of primary plastic through waste is done
through sorting [54]. Hydroclones are generally used for density separation of waste plastic.

Hydroclones work with the effect of the centrifugal force.Hydroclones have a cylindrical
structure on the top and conical structures on the base. A high-speed plastic waste mixed
with liquid enters at the top of the cylinder in the tangential direction. Low-density fluid
separates but the high-density fluid settles in the base and is separatedwhich consists of
coarse particles and is discharged through an orifice from the cone tip [55].
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Fig.6. Classification of recycling processes [9]

3.2 Secondary recycling

Mechanical recycling started started in 1970 generally single polymer plastics like PP,
polyethylene (PE), polystyrene (PS) are mechanically recycled [21]. Some methods
of mechanical recycling are:

3.2.1 Grinding/ two roll milling

It is one of the effective method which is used methods which is used in polymer
recycling[22]. Mechanical regrinding consists of a roll mill also the apparatus
consist of powder- separation equipment. A particle size of about 125 pm can be
obtained. The process is quite economical some chemicals like isocyanate can be
added with changed levels to maintain foam density. Fig. 7 represents schematic of
two roll milling process[23].
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Fig.7: Schematic of two-roll milling process [56]

3.2.2 Adhesive pressing

Adhesive pressing is the process in which there is a surface coating of grounded plastic
particles using anadhesive binder. These particles are pressed in a heated hydraulic press
about 100-200°C with pressure about 3-20MPa.[24]. Adhesive recycling is used for the
production of mats, under lays, sports hall floor parts, and sound insulation. Western Europe
and North America have market potential of about 10000-20000 tonn/yr [25].

3.2.3 Compression molding

Compression molding is used in the case of free-flowing plastic in granular form or viscous
form. In compression molding particles are pressed at high temperature and pressure
approximately (180°C, 350 bar) enough to generate the shear force needed to flow the
particles together [26]. Curing time is of approximately 3 minutes. Generally two types of
compression molding processes exist:

1. Sheet molding compound (SMC)
2. Bulk molding compound (BMC).

12
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For SMC 5mm thick sheet is used and for BMC 20mm- 50mm thick sheet is used as
feedstock.

3.2.4 Screw Extrusion process

Screw extrusion (both single and twin) is widely used in the polymer recycling process. The
stages involved in screw extrusion are melting of polymer then generation pressure after that
thermochemical and chemicalhomogenization and finally is productformation[27]. Twin-
screw extruder machine consists of a housing, barrel, two shafts having identical or opposite
screw threads engraved on them. Shafts with identical screw threads run in the same
direction, while the shafts with nonidentical screws run in the opposite direction. Raw plastic
material is gravity fed from the top of the hopper. The temperature of the barrel varies from
200°C to 275°C from front to the end with two or more individual temperature-controlled
heater zones. As the screws start rotating molten material is automatically pushed along the
barrel. Finally, the developed wire is passed through a water tank and collected[28].Fig. 8
represents single screw extruder machine.

Heater band Die

Screw

T
FEED COMPRESSION METERING

Fig.8: Schematic of single screw extruder [9]

3.3 Tertiary recycling

3.3.1 Chemical dissolution process
Polymer Dissolution

In the chemical dissolution process as the name suggests polymer waste is treated with
chemicals or suitable solvents for its effective dissolution[29]. Some of the solvents used for
dissolution are benzene, toluene,xylene, chloroform 2-butenol, linalool, and geraniol. Some
solvents do not induce any degradation in the polymer chains and develop green process
polymers like limestone, p-cymene, terpinene, phellandrene. These can be easily recycled by
distillation. At optimum temperature a slight increase in dissolution has been observed but
up to a particular temperature after whichthe polymer starts degrading. Polymer when
chemically recycled is degraded into monomer by the process ofsolvolysis or pyrolysis.
Monomers are purified and finally, polymers are formed from them [30]. Some researchers
have discussed polymer multilayer packaging. Different separation techniques have been
discussed like by-delamination or selective dissolution- reprecipitation technique. Other
method of recycling used is compatibilizing of non-miscible polymer types. The
delaminization process proves to be more energy- efficient as compared to the dissolution-
reprecipitationprocess. In the delamination process, all qualities of

13
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polymers are regained but the only selective quality of polymer is regained in the dissolution-
reprecipitation process. Eventually, it can be said that separation by delamination is the most
economical and environmentallyfriendly procedure. Separation of multilayer polymer stream
is a major challenge in the delamination process. Eventually, it can be said that if separation
of delaminated polymer and sorting of multilayer packaging items is possible then
delamination is the most economical and environmentally friendly procedure[31]. In
polymer dissolution, important points are solvent diffusion and chain disentanglement.

Techniques to study polymer dissolution are:

Differential refractometry In this technique as the concentration of polymer during the
dissolution process is ascertained based upon refractive index of the concentrate.
Some drawbacks of this process are that no information of the surface layer ofthe
pallet can be obtained from the refractive index of the polymer. This process is also
not suitable when the quantity of polymer used is much small[32].

Interferometry Interferometry is widely used to monitor polymerdissolution. A
beam of monochromatic light is passed through polymeric material which is
held between two mirror slides. The quantitative data about the thickness ofthe
transition layer between dissolved polymer and solvent is obtained. The size of the
substrate is approximately 0.5um-1.5um. An unpolarized beam oflight is projected
from 2mW He-Ne laser. Usually 10° is taken as the angle of the incidence. Silicon
photocells collect the reflected beam. Constructive and destructive interference
pattern are produced. Absolute filmthickness is related to the periodicity of the
pattern. Someof the drawbacks of this process are the non-uniformsurface of the
film. Transparency is required while film monitoring. Nonuniform surfaces cause
scattering of the light which is very difficult to interpret. Michelson laser
interferometer acts as an effective tool for studying polymer-solvent
intermixing[33].

Pyrolysis To convert plastic waste into an energy pyrolysis process is applied in
which polymer is heated up to 300-900°C in the absence of oxygen. Pyrolysis has
become one of the most suitable ways to treat plastic waste. Pyrolyse zeolite-based
acid catalyst has been used for the pyrolysisof polyolefins. A continuous pyrolysis
unit consists of a reactor which is also a main component of the unit. It is

14



E3S Web of Conferences 509, 03011 (2024)

ICONN-2023

cylindrical from the top and is of conical shape from the bottom side. The reactor is divided
into two sections in cylindrical and in conical with a total length of 340mm length of
conical section Hc is 205mm (Fig. 9 and 10).The angle of the conical portion Y, the
internal diameter of cylindrical section D;, the diameter of the cylindrical section D, are
28°,20 mm, and 10mm respectively. The reactor has been designed with a understanding
of hydrodynamic studies. There is an arrangement of a continuous feed system in a
pyrolysis plant. It consists of ball valve where the polymer which has to be recycled is
located. A polymer is rotated by steady nitrogen flowfrom the bottom. A cartridge
which consist of ceramic resistance is placed at the bottom of the reactor. Released
nitrogen gets heated by the resistance and reaches the reaction temperature. A
thermocouple applied at the upper end of resistance is used to measure the temperature.
Another resistance is placed which issurrounding the wall of the section it also consists of
a thermocouple. Furthermore, energy losses are minimized by insulating the reactor. By-
products of pyrolysis are char and gas. Factors like temperature, pressure, heating rate
strongly affect the by-product proportions[34].
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Fig.9. Schematic of continuous pyrolysis unit [34]
Fig.10. Schematic of the continuous pyrolysis unit exploded view [34]
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Gasification In gasification waste plastic or biowaste is converted into CO, H; by
heating waste material at a hightemperature>700 °C by allowing a controlled
supply of oxygen and steam. A gasifier unit consists of three main sections:

1. Feeding system 2. Fluidized bed gasifier 3.Cleansing unit

The ballast feed is heated up to 150°C in the first electric heater. The temperature is being
raised to the desired inlettemperature by the second heater. Air is injected into the system
from the bottom bed and fuel is injected from over bed system. A cylindrical section of
gasification is composed of 0.381m internal dia.lts height is 5.90m. Preheated blast gases
and three external heaters are used to heat it to the reaction temperature. A syngas cleaning
section is composed of a cyclone, scrubber, and flare. Three electric heaters along with
the reactor increase temperature up to 700°C [35].

Incineration In the incineration process waste plastic is heated at a temperature
more than 850°C. A limited amount of air is supplied during combustion to
ensure complete burningof plastic waste material. The heat produced by
combustion can be used to produce steam than to run turbine blades by the
steam produced and run turbineblades by the steam produced and finally for
electricity generation. Thereafter exhaust gases are cleanedfollowing stringent
environmental standards. Lime powder and atomize fine slurry is used to
neutralize pollutant acidic gases. Carbon is also injected to remove the heavy
metals or pollutants from the exhaust gas. Thenthe additional filter is applied to
remove dust from fine particulates[36]. It is a sort of waste reduction process.
This process also has some drawbacks. In this process waste streams, consisting
of hazardous metals, and chlorinated organic chemicals are converted into
moretoxic compounds like dioxins. Dioxins are hazardous chemical compounds
these can cause life-threatening diseases like cancer. These can sustain in the air
about more than 100 years[37].

Micronization Nowadays there has been the use of multi-material polymer matrix
for the further enhancement of the product design. The Micronization technique
has beenused to ensure the recyclability of multi-material polymers without
separating it into components. Therehas been no degradation of polymer by the
use of micro ionization process results are supported by SEM and dynamic
mechanical and thermal analysisS(DTMA). Therehas been a loss in ductility and
tenacity but at the same time, tensile strength has been increased by 18.43%. A
decrease in storage modulus has been noted at atemperature above 30°C [38].
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4 Impacts of recycling on economy

To understand the relationship between circular economy (CE) and distributed
recycling different research paths at micro,meso and macro-level has been proposed.
Different stages for distributed recycling by additive manufacturing are recovery,
preparation (compounding, feedstock, printing, quality). A large amount of work has
been reported for compounding, feedstock printing, quality but very less amount of
work has been reported for recovery and preparation.Waste management policies can
be enhanced by the development of different aspects like economic, social, and
technical for improving closed and open-loop recycling[39].Implementation of the CE
concept in micro,meso, and macro form has beendone.There are many similarities in
the recycling laws of China, Japan, and Germany.The main focus through theselaws is
for a reduction in waste disposal land increase manufacturer's responsibilities and to
improve energy andwaste efficiency stages of the CE concept that are: Design,
Production, Consumption and Waste management. In cognizance with this study,
countries candevelop proper implementation methods for various sectors like social
economic and general[40].Recycling moves plays important role in transforming the
economy from a linear to a circular one. The study focused on two recycling scenarios
one which is currently in practice up to 2020, and the second one is 45% in the case of
plastic and 85% in the case of paper respectively.These are in accordance with current
recycling trend and policies[41].Different strategies, targets are structured for smarter
product use and manufacturing and it consists of refuse, rethink and reduce. For
extension of the lifespan of products and parts, it consists of reuse, repair, refurbish,
remanufacture, repurpose. For the useful application of materials it consist of recycle
and recovery.The transition towards circular economy can be adopted in several ways
like by following waste reduction, barring production loops, efficient use of resources,
materials and products retention[42].Currently, plastic production ways and disposal
have deficiencies. These are also not much environment friendly. A big question is that
how performance lag can be eliminated and countries can become more efficient
towards recycling in circular way. For 26 European countries multidirectional
efficiency analysis tool has been applied.Some countries have good plastic recycling
rates like Czeh Republic, Denmark, Germany, Luxembourg, Malta and these countries
areconsidered efficient.On the other hand, some countrieshas very low recycling rates
such as Austria, France, Norway, and England.In the year 2016 Czech Republic showed
the highest recycling rate with more than59%.Larger economic growth entirely depends
on more recovery and recycling activities.Mechanical recycling or pyrolysis in Europe
and US is considered more efficient than landfill or incineration.Further plastic
manufacturers should take responsibility and make proper arrangements for collection
and sorting and bring back plastic waste in the value chain. [84].Today majority of
developednations like Europe, USA is setting stringent targets to regulate recycling of
polymer waste for material recovery
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with the help of comprehensive programs. In the present study, researchers have
scientifically reviewed different results from pilot projects, literature case studies focusing
on how to recycle household waste. Researchers have reviewed new operational practices
to restrain processefficiencies. There has been a study for the up-gradation of the recycling
plants by applying new technologies for separation. Eventually taking into cognizance
from several factors like materials complexity, fast-growingurbanization, and central
sorting these will play an important role shortly [85]. Some researchers have discussed
polymer recycling, feedstock recycling, tertiaryrecycling, and catalytic recycling. High
cost associated with the collection, sorting, and transportation of lowchlorine-containing
polymer waste to recycling sites is a major concerning problem. Improving the economics
of the process by using a zero-cost catalyst will make the process more viable.If large
guantity waste streams are targeted to reduce the collection cost and if careful
characterization is there, then the supply of quality- controlled polymer waste is
possible[86].Plastic waste has become a global environmental issue demand for
renewable plastic is rising (fully biodegradable to CO, without harmful products).Solar-
based driven processes with the help microalgae,cyanobacteria can help to produce a wide
quality of bioplastic.It can act as a long- term carbon sink.With innovation and new
technologies regulation cost and the cost of externalities like recycling of
plastic,environmental degradation and health related cost can be decreased to large
extent.Also the new improved regulations can increase the speed oftransportation and can
lead to a better circular economy[87].Current Brazilian system works on public policy
where low income workers collect the dry sorted urban residue and sell them to earn
money.There hasbeen a increase in environmental threat as municipal department is
directly delivering post-sorted residues to landfills.In the present study researchers have
discussed about the packaging of industrialized organic food which is cultivated in small
organic farms.

A novel method of recycling and a simplified binary equation has been developed
to easily estimate the recyclability rate of the polymer packaging at the projection
level. This tool can act as a guideline for material and process selection.It could assist in
the preliminary comparative stage of packaging [88].There are number of benefits from
direct recycling additive manufacturing (DRAM) as compared to centralized waste
recycling. In one of the reported study scrap from windshield blades was step by step
recycled by distributed recycling methods.Methods used in distributed recycling were
fused granular fabrication, heated syringe printing, 3D printed molds coupled to injection
moulding, development of filament to fused filament fabrication. Finally high value,
bespoke biomedical products and fingertip grips for hand prosthetics were
demonstrated.DRAM models serve to provide variety of solutions for circular
economy[89].Stronger policy implementation and better coordination iskey for successful
CE development in China. CE enhances cyclic and responsible use of resources for
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sustainable development.CE strategies can be catagorizedby how they preserve product
components ,materials, embodied energy. Also the impact of CE on environmental
social or economic dimensions. For CE monitoring framework there has been
classification ofmicroscopic and macroscopic indicators .Number of indicators work
on the preservation of materials.CE is accessed by set of indicators inspite of single
one.One indicator may not be sufficient as CE consists of many dimensions.Similarly
set of indicators are promoted on macro scale. Direct CE with specific strategies covers
mainly type of materials and produced waste. AnAncially aspect of CE framework is
measured by indirect indicators [91]. To bring transparency in the CE concept 114 CE
definitions are analysed systematically these are coded against 17 dimensions of the
framework. It hasbeen observed from the study that CE is combination of reduce,reuse
and recycle activities of 3R framework.Coherence in the CE concept has been
introduced through study.To move towards sustainabledevelopment it operates on a
micro level, macrolevel, andmesolevel.Earlier researchers focused on environmental
aims in CE while now most authors are focusing on economical aims.Also study
concluded that social aspectsand business models are being neglected earlier and are
being cover thoroughly in this study[43]. Plastic debrisin marine life is creating
ecological concern(1)Mismanaged plastic waste (MMPW) which consist of both
microplastic <5mm and macroplastic>5mm is majorly contributed by top 10
rivers.These rivers contribute upto (88-95)% of total plastic waste in the sea bed[44]. It
can be concluded from the study that reducing plastic load by 50% in the top raked
rivers can reduce total load to the seabed by 45%. In another study mechanical recycling
of PET and PE bottles has been carried out. Different phases like collection,
compaction, sorting, reprocessing has been analyzed. A different concern scenario of
waste and management policies has been verified by a suitable and defined tool. This
research project has been carried out with Italian consortium for packaging (CONALI)
with the engagement of Italian companies[45]. To gain sustainability challenges
circular economy is gaining pace. In the last few decades, circular economy's circle
shape has changed with the continuous change in aspects of economy circles like
responsibility, politics, limits, space, and sustainability.Based on two policies reports
strong and weak economic paradigms have been categorized.In a weak interpretation
of the economy, power is shifted from the state to individuals and
entrepreneurs.Unequal power relations are reinforced by weak economy interpretation.

5 Effect of recycling on environment

From year1950 to year 2015, 4900 million tons from8300 million tonne plastic
produced has been discarded,with the current speed of recycling rate of 0.7%. The 44%
will be the global recycling rate by 2020.The incineration rate will reach 50% global
discard
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rate will be decreased from 58% to 60% respectively.Lifecycle impacts were less for
proposed because of lighter weight and innovatiove recycling [46].The study was focused
on three factors: the way we dispose plastic,second way is to understand the harms of land
filling and third way is to understand the reuse behavior finally the synthesis and
summarization of the main elements is there by the impact of plastic on environment.
Individual traceability and garbage archeology are some of the proposed methods to
reduce impact on environment .Recycling causes an enormous amount of benefits inspite
of reducing greenhouse gas content there is also a decline in air and water pollution. New
chemical andbiological extraction methods are employed for recycling and are termed
hybrid recycling .

6 LCA assessment of polymer recycling

Two types of studies with total number of 12 polymers has been studied. The LCA
assessment has been applied to access polymer production within 1SO standards.
Assessment of each polymer is done through development of matrices generated through
green design principle. A positive correlation between reduced
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environmental impacts and green design principle can be seen. Inspite of ranking high
in green design biopolymers cause high environmental impacts. There is need to
redefine the environmental principles to reduce harmful impacts of fertilizers and
pesticides on environment. LCA tool helps to determine the recyclability of the
components in the component design phase. Carbon fibre reinforced polymers
(CFRP’S) are more valuable becauseof their lesser weight and high strength. To find
befetting design and optimization valuable information is provided by LCA. LCA is
holistic approach consist of not only the material selection involving CFRP but also
variety ofaspects such as increased capital cost, complexity in the parts and vailable
molding capabilities of manufacturing. Recycling technologies play a major role for
providing high performance materials emission reductrions and financial savings[106].
LCA tool has been applied onmunicipal solid waste (MSW).Decision making and
structuring of information has been done through LCA process[47].
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Fig.11. Lifecycle assessment framework[48]
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Fig. 11 represents step by step life cycle assessment framework.Commercial biomass
alternatives are befitting substitutes of petroleum based products developed by the
polymer industry. A LCA model had been constructed to evaluate assessment of
programmed photodegradation of polymeric materials. Recycling process enhances photo
trigger process and reduces environmental impact by 11%-23%.Methodology consist of
5 steps namely goal definition, scope definition, inventory analysis and interpretation.
Polymer synthesis consist of following stages that are conversion of biomass to fructose,
synthesis of 5-hydroxylmethyl from fructose then synthesis of biopolymer followed by
recycling. More research is required through future LCA studies on programmed
photodegradation and decomposition alternatives. In recent decades development
advances in protein engineering, synthetic biology and chemicals. Development of
commodity chemicals by the fermentation of the sugar has been done. Need of green &
sustainable technologies is emerging with the current climate change mitigation.
Recycling and disposal
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system performances are measured through LCA tool. Itis considered as one of the best
environment managementtool. Each and every step from the extraction of the raw materials
to the final dumping of the waste material is considered in the study. Quantification of
mechanical recycling of the plastic containers with that of conventional recycling has been
done in this study. Study suggests that mechanical recycling is one of the economical

Current recyclic methods[49]. Production,consumption and disposal of mass electronic
waste has become a major problem in Korea. Whole life cycle of electronic waste recycling
consist of pre-manufacturing, production, transportation use & disposal. Pre-manufacturing
and disposalsdelivers maximum environmental impacts about 90%.Target audience in this
study is product designers, recovery managers and environmental policy makers. LCA has
been conducted with 46% and 100% recycling rate. Someenvironmental impacts of PC waste
recycling are abiotic depletion, global warming and eco toxicity acidification and ozone
layer depletion. have drawbacks as they are unable to reduce ozone layer depletion also
unable to reduce toxic environmental pollutants. LCA has been conducted and meaningful
findings are obtained on recycling and on environment. Electricity consumption should be
minimized while design engineers design the machine. Further enhancements in
infrastructure and recycling technologies is proposed in this study. In number of developed
products end of life treatment has increased the overall life of the product. There is
requirement of generation of new methods for the development of new products. There are
limitations in the current LCA procedure also the current guidelines and methods arestill
insufficient to access environmental impacts on multilife cycle assessment (MLCA) so it
becomes basic needto transform from current concept of LCA to MLCA. From this study
knowledge gaps from LCA & MLCA studies are identified and how LCA can be converted
to MLCA. LCA assessment of PLA’S different recycling methods like chemical, mechanical
& composting has been covered here. It has been observed from the study mechanical
recycling has least environmental impact[50]. In the present study LCA of polysaccharide
products is compared with conventional counterparts. It has been observed from the study
that in terms of non-renewable energy use(NREU) and greenhouse gas emission(GHG)
polysaccharide-based productsshowed better results. When we see in use phase natural fibre
polymers help to reduce weight in vehicles that’s why helps in improving their fuel economy
. There is no significant difference seen in case of packaging . Overall it can be seen that
cradle to grave polysaccharide products are better than their conventional counterparts
expectation is cotton as it require more chemical andenergy while production[114]. A
comparative study of 6 different models has been done which are developed in EU &
America. Variations in the results and conclusions has been observed in the study.
Awareness about thecomparison of validation of LCA results among life cycleassessment
community and recipients of the studies has been done. Scope and goal of study are the main
factors on the basis of which a model is chosen’s provide information to the politicians &
public simple models are sufficient but for more detailed study more complex models are
required. The case study from city of Dresden has been done.3 of 6 models has been studied
that arelWM 2 & UMBERTO.It is inappropriate to apply static and linear modelling
approach to reflect actual conditions.

7 Effect of recycling onremanufacturing

Remanufacturing and development of the composite made up of PLA base and high
reinforcement continuous fibre is being done. There has been a significantimprovement
in tensile strength also the bending strength showed the improvement by 25% of the
reinforced composite.100% material recycling rate for CCRF’S and 73% recycling rate
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for PLA matrix has been achieved. The impregnated carbon fibre filament can be easily
rolled and can be easily used in 3D printing process.There has been need of systematic
and comprehensive methods for the reuse of generic products.Remanufacturing is a sort
of reuse in which product is taken to its original performance level. A new method has
been introduced to understand the benefits of remanufacturing energy related products in
cognizance with environmental prospective. A possible balancebetween environmental
balance and energy efficiency canbe analysed. It can be applied at earlier design stages
when some specification has to be defined yet. Policy andstandard development is
possible by this method. It has been observed from the above study that environmental
benefits increased as the reused components increased the only condition is that
reproduction/remanufacturing should not increase more than 7% of the original one.
Based on the case study new methods to promote reuse measures has been applied[51].
The demand is increasing to put the volume of waste in the production stream again.A
survey has been done to know whetherthe firms can balance between production and
consumption patterns . Also to know whether theefficiency of the process can be increased
by adding waste stream in the production process. Proceeding with industrial symbiosis
create a change within whole global economic activity worldwide. Demand of Recycle
remanufacture waste treatment RRWT products can be increased if the products are
competitively positioned by their looks. Third party standards can be increased in the
supply chin such as SPEQ (Specific pallets engineered quality) can be added in supply
chain management to built trust between suppliers. To effectively improveenergy and
material utilization also used to control environmental emissions at low cost. To make
review of remanufacturing trend summarization of remanufacturing technologies & to
give conclusion of remanufacturing in energy a comprehensive literature review has been
done.Firstly some remanufacturing methods based on LCA has been analysed .2ndly
framework for accessing energy and environment has been built. Then in the description
of integrated study of energy environment and economic assessment has been done[52].
Also some limitations of LCA has been described later. Material level recycling and
component levelremanufacturing are two categories of WEEE.Some features of industry
4.0 are like smart devices with easy connectivity high inoperability and data transparency.
Main highlights in the study include contribution to the digital twins how manufacturing
and remanufacturing is supported by the digital twin simulation. Maintaining linkage
between industry 4.0 and digital twins as it plays prime role in WEEE recycling. On the
basis of international standards design to manufacturing based product information model
has been developed. There arecertain limitations of the current system.The will and the
support of the stakeholders is crucially essential. Social awareness through education is
also one of the important factors. A proper supportive privacy policy should beengaged
so that right person should access data at theright time. Enormous amount of
environmental benefits from recycling and remanufacturing can be achieved. To
determine quality of uncertainty in returned items a complex quality coefficient
measurement method has been developed. Now with the help of validated experiments
and real time data analysis comparative study of carbon emission between component
recycling and remanufacturing has been done. Investigations of relationship between
quality conditions and environmental benefits has been done. Environment regulations
and other references are provided through the model developed so that the firms can
complete theirenvironmental accomplishments.

Generally four types of remanufacturing technologies has been investigated that are
machine remanufacturing, remanufacturing components from cannibalization, directly
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reuse components, component scrapping for materials. Assessment of cost and
environmental benefits has been done in these four cases. It has been observed from the
study that with increase in the complex quality coefficientthere is reduction in emissions
also there rising rates decreases gradually.

Recycling through 3D printing

PLASTIC WASTE GRINDING EXTRUSION PROCESS

v

PRODUCT MADE LN
OFRECYCLED ] @ A

MATERIALS

3D PRINTING FILAMENT

Fig.12 Flowchart of Plastic recycling through 3D printing[53]

Fig. 12 represents step by step methods of polymer recycling through 3D printing. Waste
high density polyethylene (HDPE) and low density polyethylene(LDPE) has been recycled
through screw extrusion and FDM printing. For the composition of (HDPE 90%
+10%Fe) there has been improvement in the peak elongation, break strength and shore D
hardness. For 100%LDPE shore D hardness and peak strength showed better results. Better
break strength was obtained in case ofreinforced LDPE. Study suggested that properties of
polymers can be significantly enhanced by addition of metal powders.

To eliminate plastic waste and control environmental pollution various type of
reinforcements in thethermoplastics has been added. Classification of different polymers has
been also done in the present study. Moreover advanced processes in polymer additive
manufacturing combined with advanced composite fabrication can further enhance waste
plastic material usability. Research on the applications of FDM has been summarized in the
present work. A conductive filament has been developed in the present work. Further
development of chemical sensors, force sensors is been done through developed conductive
filament. Cell adhesion and growth are facilitated by biocompatible and biodegradable
composites. A proper selection of process parameters can result in proper part production
through FDM . Effect of recycling on the
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environment has been assessed. Parameters include fossil fuel consumption, green
house gas emission and photochemical oxidant precursors. Enormous number of
environmental benefits can be achieved through recycle and reuse strategies.
Comparison between two packaging systems is there one consist of expanded
polystyrene (EPS) which are encased in PE shrink wrap consist of molded expanded
(EPS) fused with HIPS coating and placed in shrink wrap. Due to light in weight
EPS-HIPS/PE shrink wrap packaging proved more environment friendly as compared
to EPS/PE shrink wrap packaging. Moreover, oil consumption in case of EP- HIPS/PE
packaging is also 1/3" less than the EPS/PE packaging. In the present study shredded
waste fromused electronics items has been recycled using FDM printing and then
usable daily need products have been developed like ice scrapper. High strength about
64.9 MPa has been obtained from the printed parts. It has been observed that high
strength and high resistant productscan be developed from PC waste components
at verylow cost. To overcome the problem of uneconomical and energy intensive
centralized recycling an inhouse rapid prototyping has been developed. HDPE High
density polyethylene has been used as raw materiala filament has been extruded with
the rate of 90mm/min. Further study suggests that inhouse recycling dramatically
reduces the development cost. A reduction ingreenhouse gas emission has also been
observed due to conventional activities of recycling like transportation and collection
of plastic waste. In house recyclingof PLA through 3D printing has been done here.
There is increase in elastic modulus as the number of recycling cycles increased. More
homogenization as decrease in internal defects is also observed in this process.3D
printing can provide more viable alternative as compared to centralized recycling which
is more expensive due to transportation and energy involvement. To improve cost
effectiveness and to reduce plastic waste there has been a urgent need to generate
feedstock filament from recycled plastic waste. Feedstock filament from recycled
HDPE has been developed and the results are supported by DSC, TGA
thermogravimetric analysis, Fourier transform and infrared spectroscopy. It is quite
acceptable with good water repelling properties. Some of the limitations of the process
were shrinkage, warping andsome adhesion problem was also there. To obtain effective
waste utilization of polymer and to obtain consumable products. In this study alternative
of plastics through developing of 3D printing filaments by plastic recycling has been
explored. Through this study impact ofrecycling on their chemical and mechanical
propertieshas also been analyzed. One of the examples of reusing recycle waste is the
development of the face shields [130]. Development of High-density polyethylene
(HDPE) basedfeedstock filament has been done with reinforcements of Sic and
Al;Os.Four different compositions has been studied in the present
work.1.100%HDPE 2. 90%HDPE+10%Sic/Al;033.80%HDPE+20%Sic/Al.O34.

70%+30%Sic/Al,O3. Mechanical properties of the developed wire were significantly
improved [131].Development of FGM functionally graded material wire with LDPE as
base matrix and SiC and Al,Os as reinforcement has been done. A better way to recycle
plastic solid waste PSW has been developed[54].

26



E3S Web of Conferences 509, 03011 (2024) https://doi.org/10.1051/e3sconf/20245090301 1

ICONN-2023

8 Bibliographic analysis

To understand the research gaps, bibliographic/ scientometric study was performed on
technological solutions for recycling of polymer waste based upon Webof Science data
(for year 2000-2020). The data so observed was processed on open source VOS viewer
software. Fig. 13 shows networking diagram based upon scientometric study for
recycling of polymer waste. As observed from Fig. 13, some work has been reported
for recycling in correlation with 3D printing and other additive manufacturing
techniques, CE, polymer waste. But little has been reported on impact of various
technological solutions for recycling of plastic solid waste.
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Fig. 13. Scientometric analysis for recycling of polymer waste

Fig. 14 and 15 shows percentage contribution among various disciplines for
recycling of polymer waste (based upon Scientometric analysis). Further Fig. 16
and 17 respectively shows network of studies reported in reputed journals and
network of different countries working for recycling of polymer waste (based upon
Scientometric analysis).
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Fig. 14-15. Percentage contribution among various disciplines for recycling of polymer waste
(based upon Scientometric analysis)

Fig. 16. Network of studies reported in reputed Journals for recycling of polymer waste
based upon Scientometric analysis
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Fig. 17. Network of different countries working on recycling of polymer waste
based upon Scientometric analysis

28



E3S Web of Conferences 509, 03011 (2024)

ICONN-2023

10.
11.

12.
13.
14.

15.

16.

9 Conclusions

Plastic decomposition causes environmental pollution as natural degradation of plastic
is not possible. Recycling of plastics through various modern technologies seems a
befitting solution for plastic waste problem. In this review various types of plastic
waste has been discussed and different types of recycling methods has also been
explored. The primary, secondary and tertiary recycling processes were primarily
discussed for commercial use. Further Impacts of recycling on economy,
remanufacturing and environment has been discussed. The LCA of recycling processes
has also been explored for cost benefit analysis. Recycling through 3D printingis also
gaining popularity as it reduces cost which occurs due to transportation of heavy plastic
waste. In general plastic recycling can serve as better solution to cope up with increased
plastic pollution.

Acknowledgements

The authors would like to thank Science and Engineering (SERB), New Delhi for
funding the present study under TARE Project no. TAR/2021/000220.

References

T. Boronat, V. J. Segui, M. A. Peydro, and M. J. Reig, J. Mater. Process. Technol.
209, 2735 (2009)

M. T. Brouwer, E. U. Thoden van Velzen, A. Augustinus, H. Soethoudt, S. De
Meester, and K. Ragaert, Waste Manag. 71, 62 (2018)

L. Alaerts, M. Augustinus, and K. Van Acker, Sustain. 10, (2018)
K. Hamad, M. Kaseem, and F. Deri, Polym. Degrad. Stab. 98, 2801 (2013)

H. Jin, J. Gonzalez-Gutierrez, P. Oblak, B. Zupanéi¢, and 1. Emri, Polym. Degrad.
Stab. 97, 2262 (2012)

1. Pillin, N. Montrelay, A. Bourmaud, and Y. Grohens, Polym. Degrad. Stab. 93,
321 (2008)

Y. Jia, H. He, X. Peng, S. Meng, J. Chen, and Y. Geng, Polym. Eng. Sci. 57, 1322
(2017)

J. M. Mercado-Colmenero, C. Martin-Dofiate, V. Moramarco, M. A. Attolico, G.
Renna, M. Rodriguez-Santiago, and C. Casavola, Polymers (Basel). 12, (2020)

K. lizuka, A. Todoroki, T. Takahashi, and M. Ueda, Adv. Compos. Mater. 30, 380
(2021)

X. Peng, M. Zhang, Z. Guo, L. Sang, and W. Hou, Compos. Commun. 22, (2020)

I. Farina, N. Singh, F. Colangelo, R. Luciano, G. Bonazzi, and F. Fraternali,
Materials (Basel). 12, 3955 (2019)

Hemlata and S. N. Maiti, J. Appl. Polym. Sci. 132, (2015)
Y. Lei, J. Zhang, T. Zhang, and H. Li, J. Reinf. Plast. Compos. 38, 578 (2019)

S. Kumar, R. Singh, M. Singh, T. P. Singh, and A. Batish, J. Thermoplast. Compos.
Mater. 35, 2105 (2022)

S. Terekhina, T. Tarasova, S. Egorov, I. Skornyakov, L. Guillaumat, and M. L.
Hattali, Int. J. Fatigue 140, (2020)

Kusmono, Z. A. Mohd Ishak, W. S. Chow, T. Takeichi, and Rochmadi, Eur. Polym.

29

https://doi.org/10.1051/e3sconf/202450903011



E3S Web of Conferences 509, 03011 (2024) https://doi.org/10.1051/e3sconf/202450903011

ICONN-2023

J. 44,1023 (2008)

17. R. Singh, R. Kumar, 1. Mascolo, and M. Modano, Compos. Part B Eng. 143, 132
(2018)

18. P. Parandoush, C. Zhou, and D. Lin, Adv. Eng. Mater. 21, (2019)

19. J. W. Stansbury and M. J. Idacavage, in Dent. Mater. (2016), pp. 54-64

20. F. Sedlacek and V. Lasova, in Mater. Sci. Forum (2018), pp. 26-31

21. C. Plastics, B. Screws, P. R. Shetty, U. Addepally, A. Kausar, W. Wu, F. Sung, S.

Chu, A. Barakat, C. Mayer-Laigle, A. Solhy, R. A. D. A. D. Arancon, A. Nasrullah,
A. H. Bhat, A. S. Khan, H. Ajab, M. Modesti, A. Lorenzetti, S. Besco, N.
Mahmood, Z. Yuan, J. Schmidt, C. Charles, C. L. Petzhold, R. D. A. Delucis, W.
Luiz, E. Magalh, H. V. Lee, S. B. A. Hamid, S. K. Zain, P. Figueiredo, K. Lintinen,
J. T. Hirvonen, M. A. Kostiainen, H. A. Santos, L. Wu, J. Van Gemert, R. E.
Camargo, S. Kumari, G. S. Chauhan, S. Monga, A. Kaushik, J. H. Ahn, P.
Kosmela, A. Hejna, K. Formela, K. G. Satyanarayana, A. Rangan, V. S. Prasad, F.
Chen, Z. Lu, S. S. Nair, S. Sharma, Y. Pu, Q. Sun, S. Pan, J. Y. Zhu, N. Mahmood,
Z. Yuan, J. Schmidt, C. Charles, J. H. Lora, W. G. Glasser, O. S. H. H. Santos, M.
Coelho, V. R. Silva, W. N. Mussel, M. 1. Yoshida, J. Paciorek-Sadowska, Z.
Strassberger, S. Tanase, G. Rothenberg, A. Arshanitsa, A. Paberza, L. Vevere, U.
Cabulis, G. Telysheva, C. A. B. Cateto, M. F. M. M. F. Barreiro, D. Ahuja, A.
Kaushik, M. Singh, W. Lu, Q. Li, Y. Zhang, H. H. Q. H. Yu, S. Hirose, H.
Hatakeyama, Y. Matsumoto, A. N. Hayati, D. A. C. Evans, B. Laycock, D. J.
Martin, P. K. Annamalai, C. C. C. C. Xu, R. A. D. A. D. Arancon, J. Labidi, R.
Luque, J. L. Xie, J. Q. Qi, C. Y. Hse, T. F. Shupe, O. Oribayo, X. Feng, G. L.
Rempel, Q. Pan, A. A. Septevani, A. Barakat, F. Monlau, A. Solhy, H. Carrere, J. J.
J. J. Li, B. Wang, K. Chen, X. Tian, J. J. J. Zeng, J. J. Xu, W. Gao, A. Paberza, U.
Cabulis, A. Arshanitsa, O. Loebel, S. Dutta, V. Tech, H. Guo, V. Dolomanova, C.
M. R. Jens, L. R. Jensen, R. Pyrz, A. B. Timmons, S. Zhao, M. M. Abu-Omar, P.
Furtwengler, L. Avérous, J. M. Jung, T. Dvorsky, V. Véclavik, V. Simigek, A.
Bienek, A. N. Hayati, D. A. C. Evans, B. Laycock, D. J. Martin, P. K. Annamalai,
W. J. Liu, H. Jiang, H. H. Q. H. Yu, S. Zhu, K. Chen, J. J. Xu, J. J. J. J. Li, L. Mo,
X. Y. Huang, J. Q. Qi, C. F. de Hoop, J. L. Xie, Y. Z. Chen, J. R. Dawson, J. B.
Shortall, M. Graglia, N. Kanna, D. Esposito, L. da Costa Sousa, S. P. Chundawat,
V. Balan, B. E. Dale, N. Mahmood, D. Kun, B. Pukanszky, N. Mahmood, Z. Yuan,
J. Schmidt, M. Tymchyshyn, C. C. C. C. Xu, C. Miao, W. Y. Hamad, S. Zhu, K.
Chen, J. J. Xu, J. J. J. J. Li, L. Mo, C. Zhang, H. Wu, M. R. K. Kessler, C. Abbati
De Assis, L. G. Greca, M. Ago, M. Balakshin, H. Jameel, R. W. Gonzalez, O. J.
Rojas, H. Nadji, C. Bruzzese, M. N. M. Belgacem, A. Benaboura, A. Gandini, T.
Hatakeyama, H. Hatakeyama, N. Mahmood, Z. Yuan, J. Schmidt, C. C. C. C. Xu,
Hu Thomas Q., M. N. Garcia Gonzalez, M. Levi, S. Turri, G. Griffini, K. Wysocka,
K. Szymona, A. G. McDonald, M. Maminski, K. Gosz, P. Kosmela, A. Hejna, G.
Gajowiec, L. Piszczyk, M. N. M. Belgacem, A. Gandini, B. L. Xue, J. L. Wen, R.
C. Sun, L. Gao, G. Zheng, Y. Zhou, L. Hu, G. Feng, X. X. Luo, Y. Xiao, Q. Wu, J.
J. J. Zeng, H. Hatakeyama, N. Kato, T. Nanbo, T. Hatakeyama, M. Nacucchi, F. De
Pascalis, M. Scatto, L. Capodieci, R. Albertoni, A. Ben Fraj, M. Kismi, P.
Mounanga, H. Q. Li, Q. Shao, H. Luo, J. J. Xu, C. A. B. Cateto, M. F. M. M. F.
Barreiro, A. A. E. A. A. E. Rodrigues, M. N. M. Belgacem, E. A. B. da Silva, M.
Zabkova, J. D. Araljo, C. A. B. Cateto, M. F. M. M. F. Barreiro, M. N. M.
Belgacem, A. A. E. A. A. E. Rodrigues, B. L. Xue, P. L. Huang, Y. C. Sun, X. P.
X. Li, R. C. Sun, S. Sen, S. Patil, D. S. Argyropoulos, J. Zakzeski, P. C. A.

30



E3S Web of Conferences 509, 03011 (2024) https://doi.org/10.1051/e3sconf/202450903011
ICONN-2023

Bruijnincx, A. L. Jongerius, B. M. Weckhuysen, C. S. Carrico, T. Fraga, V. E.
Carvalho, V. M. D. Pasa, H. Chung, N. R. Washburn, A. Licari, F. Monlau, A.
Solhy, P. Buche, A. Barakat, Z. M. Liu, F. Yu, G. Z. Fang, H. J. Yang, L. Yang, X.
Wang, Y. Cui, Y. Tian, H. Chen, Z. Wang, T. Hatakeyama, Y. Matsumoto, Y.
Asano, H. Hatakeyama, M. M. A. Nikje, A. B. Garmarudi, A. B. A. K. A. B. Idris,
A. Nistor, M. Toulec, A. Zubov, J. Kosek, M. Nacucchi, F. De Pascalis, M. Scatto,
L. Capodieci, R. Albertoni, A. Reghunadhan, S. Thomas, J. de Brito, Silvestre J, M.
D. Pinheiro, J. De Brito, J. D. Silvestre, M. D. Pinheiro, J. de Brito, Silvestre J, M.
D. Pinheiro, X. X. Luo, Y. Xiao, Q. Wu, J. J. J. Zeng, A. Agrawal, R. Kaur, R. S.
Walia, X. X. Luo, A. Mohanty, M. Misra, A. Duval, M. Lawoko, A. Ben Fraj, M.
Kismi, P. Mounanga, D. Simén, A. M. Borreguero, A. de Lucas, J. F. Rodriguez, R.
Zevenhoven, M. M. A. Nikje, A. B. Garmarudi, A. B. A. K. A. B. Idris, K. M.
Davis, M. Rover, R. C. Brown, X. Bai, Z. Wen, L. R. Jarboe, B. Ahvazi, O.
Wojciechowicz, P. Xu, T. D. Ngo, J. Hawari, W. Yang, Q. Dong, S. Liu, H. Xie, L.
Liu, J. J. J. J. Li, T. Tantisattayakul, P. Kanchanapiya, P. Methacanon, H. Sardon,
L. Irusta, M. J. Fernandez-Berridi, A. S. Dutta, J. Noordegraaf, P. Matthijssen, J. de
Jong, P. de Loose, H. W. Engels, H. G. Pirkl, R. Albers, R. W. Albach, J. Krause,
A. Hoffmann, H. Casselmann, J. Dormish, A. Agrawal, R. Kaur, R. S. Walia, J.
Winterson, F. Alexander, M. H., C. Analysis, L. C. Farm, K. Rossi, Maria Nelly
Garcia Gonzalez, N. Von Der Assen, A. Bardow, B. E. Obi, R. Kumar, F. Hu, C. A
Hubbell, A. J. Ragauskas, C. E. Wyman, T. Tantisattayakul, P. Kanchanapiya, P.
Methacanon, H. W. Engels, H. G. Pirkl, R. Albers, R. W. Albach, J. Krause, A.
Hoffmann, H. Casselmann, J. Dormish, K. M. Davis, M. Rover, R. C. Brown, X.
Bai, Z. Wen, L. R. Jarboe, B. Ahvazi, O. Wojciechowicz, P. Xu, T. D. Ngo, J.
Hawari, W. Yang, Q. Dong, S. Liu, H. Xie, L. Liu, J. J. J. J. Li, H. Sardon, L.
Irusta, M. J. Fernandez-Berridi, A. Naseem, S. Tabasum, K. M. Zia, M. Zuber, M.
Ali, A. Noreen, S. Kashani Rahimi, R. Aeinehvand, K. Kim, J. U. Otaigbe, N.
Obaid, M. T. Kortschot, M. Sain, A. S. Dutta, J. Noordegraaf, P. Matthijssen, J. de
Jong, P. de Loose, D. P. Pfister, Y. Xia, R. C. Larock, A. Kausar, Maria Nelly
Garcia Gonzalez, N. Von Der Assen, A. Bardow, J. de Brito, Silvestre J, M. D.
Pinheiro, L. M. Sherman, X. Zhang, D. Jeremic, Y. Kim, J. Street, R. Shmulsky, I.
Zabalza Bribian, A. Valero Capilla, A. Aranda Uson, B. E. Obi, S. Gomez-
Fernandez, L. Ugarte, T. Calvo-Correas, C. Pefia-Rodriguez, M. A. Corcuera, A.
Eceiza, G. Wypych, J. Dorrstein, R. Scholz, D. Schwarz, D. Schieder, V. Sieber, F.
Walther, C. Zollfrank, A. Naseem, S. Tabasum, K. M. Zia, M. Zuber, M. Ali, A.
Noreen, V. Chevali, E. Kandare, J. Fiskari, O. Derkacheva, T. Kulomaa, D.
Sukhov, E. Fortunati, F. Luzi, D. Puglia, L. Torre, D. Sukhov, E. Fortunati, F. Luzi,
D. Puglia, L. Torre, V. Chevali, E. Kandare, A. M. Percebom, V. J. Towesend, M.
De Paula, S. De Andrade, A. P. Gramatges, E. Mupondwa, M. H. Ramage, H.
Burridge, M. Busse-wicher, G. Fereday, T. Reynolds, D. U. Shah, G. Wu, L. Yu, P.
Fleming, D. Densley-tingley, J. Allwood, P. Dupree, P. F. Linden, O. Scherman, S.
Schiavoni, F. D’ Alessandro, F. Bianchi, F. Asdrubali, J. S. Lupoi, S. Singh, R.
Parthasarathi, B. A. Simmons, R. J. Henry, S. Feng, S. Cheng, Z. Yuan, M. Leitch,
C.C.C.C. Xu, G. P. Otto, M. P. Moisés, G. Carvalho, A. W. Rinaldi, J. C. Garcia,
E. Radovanovic, S. L. Favaro, R. Rafati, H. Hamidi, A. B. A. K. A. B. Idris, M. A.
Manan, S. Hu, C. Wan, Y. Y. Y. Li, J. Dorrstein, R. Scholz, D. Schwarz, D.
Schieder, V. Sieber, F. Walther, C. Zollfrank, A. Naseem, S. Tabasum, K. M. Zia,
M. Zuber, M. Ali, A. Noreen, S. Gmez-Fernandez, L. Ugarte, T. Calvo-Correas,
C. Pefia-Rodriguez, M. A. Corcuera, A. Eceiza, A. Agrawal, R. Kaur, R. S. Walia,
S. M. Roopan, S. Laurichesse, L. Avérous, A. Duval, M. Lawoko, N. Mahmood, Z.
Yuan, J. Schmidt, Z. Strassberger, S. Tanase, G. Rothenberg, M.-L. Mattinen, N. V.

31



E3S Web of Conferences 509, 03011 (2024) https://doi.org/10.1051/e3sconf/202450903011
ICONN-2023

Gama, B. Soares, C. S. R. Freire, R. Silva, C. P. Neto, A. Barros-Timmons, A.
Ferreira, S. Feng, S. Cheng, Z. Yuan, M. Leitch, C. C. C. C. Xu, S. M. Roopan, G.
P. Otto, M. P. Moisés, G. Carvalho, A. W. Rinaldi, J. C. Garcia, E. Radovanovic, S.
L. Favaro, N. Pargana, M. D. Pinheiro, J. D. Silvestre, J. de Brito, S. Schiavoni, F.
D’Alessandro, F. Bianchi, F. Asdrubali, J. S. Lupoi, S. Singh, R. Parthasarathi, B.
A. Simmons, R. J. Henry, E. Mupondwa, X. P. X. Li, L. Tabil, S. Sokhansanj, P.
Adapa, X. Pan, J. N. Saddler, S. Laurichesse, L. Avérous, N. Mahmood, Z. Yuan, J.
Schmidt, Z. Strassberger, S. Tanase, G. Rothenberg, C. A. B. Cateto, M. F. M. M.
F. Barreiro, A. A. E. A. A. E. Rodrigues, B. Nohra, L. Candy, J. F. Blanco, C.
Guerin, Y. Raoul, Z. Mouloungui, H. Kun, D. Choe, L. Soo, W. J. Seo, W. Nyon,
K. Ay, Y. Y.Y.Li, M. Kosa, H. Fan, A. Tekeei, G. J. Suppes, F. H. Hsieh, I.
Amelco, C. Rawlinson, S. T. McKenna, T. R. Hull, H. Lim, S. H. Kim, B. K. Kim,
A. Nuryawan, E. M. Alamsyah, R. V Gadhave, P. A. Mahanwar, P. T. Gadekar, J.
R. Obst, T. K. Kirk, M. Fasching, P. Schrd Der, R. P. Wollboldt, H. K. Weber, H.
Sixta, P. C. A. Bruijnincx, H. Chen, Y. Y. Y. Li, A. J. Ragauskas, J. Bernardini, .
Anguillesi, M. B. Coltelli, P. Cinelli, A. Lazzeri, T. Guzman, J. ; Szabo, P. ;
Daugaard, A. Egede, O. Hassager, J. ; Szabo, A. E. Hassager, LigniMatch, C. Jiang,
H. He, P. Yu, D. K. Wang, L. Zhou, D. M. Jia, M. Graglia, M. Brodin, M. Vallejos,
M. T. Opedal, M. C. Area, G. Chinga-Carrasco, K. N. Mohd Amin, P. K.
Annamalai, I. C. Morrow, D. J. Martin, T. Liiti4, N. Amiralian, P. K. Annamalai, P.
Memmott, D. J. Martin, L. Liang, A. Care, R. Zhang, Y. Lu, N. H. Packer, A.
Sunna, Y. Qian, A. V. Zvyagin, S. H. Osong, K. N. M. Amin, N. Amiralian, P. K.
Annamalai, G. Edwards, C. Chaleat, D. J. Martin, P. Memmott, E. Taran, S.
Schmidt, D. J. Martin, J. O. Akindoyo, M. D. H. Beg, S. Ghazali, M. R. Islam, N.
Jeyaratnam, A. R. Yuvaraj, a New, D. Kai, M. J. Tan, P. L. Chege, Y. K. Chua, Y.
L. Yap, X. J. Loh, S. Hu, X. X. Luo, Y. Y. Y. Li, E. Fortunati, W. Yang, F. Luzi, J.
Kenny, L. Torre, D. Puglia, D. Feldman, A. Barakat, H. De Vries, X. Rouau, T.
Lindstrédm, M. Henriksson, S. Beisl, A. Miltner, A. Friedl, M. Lievonen, J. J. Valle-
Delgado, M.-L. Mattinen, E.-L. Hult, K. Lintinen, M. A. Kostiainen, A. Paananen,
G. R. Szilvay, H. Setila, M. Osterberg, E. Kontturi, A. K. Gupta, S. Mohanty, S. K.
Nayak, N. Mahmood, Z. Yuan, J. Schmidt, C. C. C. C. Xu, M.-L. Mattinen, J. J.
Blaker, K. Y. Lee, A. Menner, A. Bismarck, C. Jiang, H. He, H. Jiang, L. Ma, D.
M. Jia, S. S. Nair, S. Sharma, Y. Pu, Q. Sun, S. Pan, J. Y. Zhu, Y. Deng, A. J.
Ragauskas, M. Ago, K. Okajima, J. E. Jakes, S. Park, O. J. Rojas, C. A. B. Cateto,
M. F. M. M. F. Barreiro, A. A. E. A. A. E. Rodrigues, M. N. M. Belgacem, Y. Y.
Y. Li, A. J. Ragauskas, F. H. M. Graichen, W. J. Grigsby, S. J. Hill, L. G.
Raymond, M. Sanglard, D. A. Smith, G. J. Thorlby, K. M. Torr, J. M. Warnes, B.
Liu, Z. Li, H. Wang, L. B. Tavares, C. V. Boas, G. R. Schleder, A. M. Nacas, D. S.
Rosa, D. J. Santos, Y. Y. Y. Li, A. J. Ragauskas, N. Y. M Sain, S. Laurichesse, C.
Huillet, L. Avérous, ASTM, R. de Avila Delucis, W. L. E. Magalhdes, C. L.
Petzhold, S. C. Amico, H. V. Lee, S. B. A. Hamid, S. K. Zain, H. V. Leeg, S. B. A.
Hamid, S. K. Zain, S. Kumari, G. S. Chauhan, S. Monga, A. Kaushik, J. H. Ahn, P.
Figueiredo, K. Lintinen, J. T. Hirvonen, M. A. Kostiainen, H. A. Santos, K. G.
Satyanarayana, A. Rangan, V. S. Prasad, C. Guo, L. Zhou, J. Lv, L. Wu, J. Van
Gemert, R. E. Camargo, P. Kosmela, A. Hejna, K. Formela, J. T. Haponiuk, L.
Piszczyk, J.-W. Wu, W.-F. Sung, H.-S. Chu, A. Barakat, C. Mayer-Laigle, A.
Solhy, R. A. D. A. D. Arancon, H. De Vries, R. Luque, H. R. L., A. Nasrullah, A.
H. Bhat, A. Sada Khan, H. Ajab, N. Uthaman, A. Majeed, Pandurangan, N.
Mahmood, Z. Yuan, J. Schmidt, C. C. C. C. Xu, R. A. D. A. D. Arancon, J. Labidi,
R. Luque, D. Ahuja, A. Kaushik, M. Singh, W. Lu, Q. Li, Y. Zhang, H. H. Q. H.
Yu, S. Hirose, H. Hatakeyama, Y. Matsumoto, Z. Jin, J. L. Xie, J. Q. Qi, C. Y. Hse,

32



E3S Web of Conferences 509, 03011 (2024) https://doi.org/10.1051/e3sconf/202450903011
ICONN-2023

T. F. Shupe, O. Oribayo, X. Feng, G. L. Rempel, Q. Pan, Z. Strassberger, S.
Tanase, G. Rothenberg, S. S. Nair, S. Sharma, Y. Pu, Q. Sun, S. Pan, J. Y. Zhu, Y.
Deng, A. J. Ragauskas, N. Mahmood, Z. Yuan, J. Schmidt, C. C. C. C. Xu, J. H.
Lora, W. G. Glasser, O. S. H. H. Santos, M. Coelho da Silva, V. R. Silva, W. N.
Mussel, M. I. Yoshida, P. Furtwengler, L. Avérous, J. M. Jung, A. Arshanitsa, A.
Paberza, L. Vevere, U. Cabulis, G. Telysheva, C. A. B. Cateto, M. F. M. M. F.
Barreiro, A. A. E. A. A. E. Rodrigues, M. N. M. Belgacem, S. Zhao, M. M. Abu-
Omar, W. J. Liu, H. Jiang, H. H. Q. H. Yu, A. N. Hayati, D. A. C. Evans, B.
Laycock, D. J. Martin, P. K. Annamalai, A. Barakat, F. Monlau, A. Solhy, H.
Carrere, V. Tech, H. Guo, J. J. J. J. Li, B. Wang, K. Chen, X. Tian, J. J. J. Zeng, J.
J. Xu, W. Gao, A. Paberza, U. Cabulis, A. Arshanitsa, S. Dutta, V. Dolomanova, C.
M. R. Jens, L. R. Jensen, R. Pyrz, A. B. Timmons, J. R. Dawson, J. B. Shortall, N.
Mahmood, X. Y. Huang, J. Q. Qi, C. F. de Hoop, J. L. Xie, Y. Z. Chen, M. Graglia,
N. Kanna, D. Esposito, L. da Costa Sousa, S. P. Chundawat, V. Balan, B. E. Dale,
X. Zhang, D. Jeremic, Y. Kim, J. Street, R. Shmulsky, R. Zevenhoven, M. M. A.
Nikje, A. B. Garmarudi, A. B. A. K. A. B. Idris, K. M. Davis, M. Rover, R. C.
Brown, X. Bai, Z. Wen, L. R. Jarboe, B. Ahvazi, O. Wojciechowicz, P. Xu, T. D.
Ngo, J. Hawari, W. Yang, Q. Dong, S. Liu, H. Xie, L. Liu, J. J. J. J. Li, T.
Tantisattayakul, P. Kanchanapiya, P. Methacanon, H. Sardon, L. Irusta, M. J.
Fernandez-Berridi, A. S. Dutta, J. Noordegraaf, P. Matthijssen, J. de Jong, P. de
Loose, H. W. Engels, H. G. Pirkl, R. Albers, R. W. Albach, J. Krause, A.
Hoffmann, H. Casselmann, J. Dormish, A. Agrawal, R. Kaur, R. S. Walia, J.
Winterson, F. Alexander, M. H., C. Analysis, L. C. Farm, K. Rossi, Maria Nelly
Garcia Gonzalez, N. Von Der Assen, A. Bardow, B. E. Obi, T. Dvorsky, V.
Vaclavik, V. Simi¢ek, A. Bienek, R. Kumar, F. Hu, C. A. Hubbell, A. J.
Ragauskas, C. E. Wyman, R. Zevenhoven, J. de Brito, Silvestre J, M. D. Pinheiro,
J. De Brito, J. D. Silvestre, M. D. Pinheiro, J. de Brito, Silvestre J, M. D. Pinheiro,
A. Agrawal, R. Kaur, R. S. Walia, N. Obaid, M. T. Kortschot, M. Sain, J.
Liszkowska, B. Czuprynski, J. Paciorek-Sadowska, S. Michatowski, A.
Reghunadhan, S. Thomas, I. Zabalza Bribian, A. Valero Capilla, A. Aranda Usén,
0. Loebel, A. Duval, M. Lawoko, LigniMatch, C. Jiang, H. He, P. Yu, D. K. Wang,
L. Zhou, D. M. Jia, M. Graglia, M. Brodin, M. Vallejos, M. T. Opedal, M. C. Area,
G. Chinga-Carrasco, K. N. Mohd Amin, P. K. Annamalai, I. C. Morrow, D. J.
Martin, T. Liitid, N. Amiralian, P. K. Annamalai, P. Memmott, D. J. Martin, L.
Liang, A. Care, R. Zhang, Y. Lu, N. H. Packer, A. Sunna, Y. Qian, A. V. Zvyagin,
S. H. Osong, K. N. M. Amin, N. Amiralian, P. K. Annamalai, G. Edwards, C.
Chaleat, D. J. Martin, P. Memmott, E. Taran, S. Schmidt, D. J. Martin, J. O.
Akindoyo, M. D. H. Beg, S. Ghazali, M. R. Islam, N. Jeyaratham, A. R. Yuvaraj, a
New, D. Kai, M. J. Tan, P. L. Chee, Y. K. Chua, Y. L. Yap, X. J. Loh, S. Hu, X. X.
Luo, Y. Y. Y. Li, E. Fortunati, W. Yang, F. Luzi, J. Kenny, L. Torre, D. Puglia, D.
Feldman, A. Barakat, H. De Vries, X. Rouau, T. Lindstrom, M. Henriksson, S.
Beisl, A. Miltner, A. Friedl, M. Lievonen, J. J. Valle-Delgado, M.-L. Mattinen, E.-
L. Hult, K. Lintinen, M. A. Kostiainen, A. Paananen, G. R. Szilvay, H. Setéla, M.
Osterberg, C. THULLURI, S. R. PINNAMANENI, P. R. Shetty, U. Addepally, E.
Kontturi, A. K. Gupta, S. Mohanty, S. K. Nayak, N. Mahmood, Z. Yuan, J.
Schmidt, C. C. C. C. Xu, M.-L. Mattinen, J. J. Blaker, K. Y. Lee, A. Menner, A.
Bismarck, C. Jiang, H. He, H. Jiang, L. Ma, D. M. Jia, M. Ago, K. Okajima, J. E.
Jakes, S. Park, O. J. Rojas, C. A. B. Cateto, M. F. M. M. F. Barreiro, A. A. E. A. A.
E. Rodrigues, M. N. M. Belgacem, Y. Y. Y. Li, A. J. Ragauskas, F. H. M.
Graichen, W. J. Grigshy, S. J. Hill, L. G. Raymond, M. Sanglard, D. A. Smith, G. J.
Thorlby, K. M. Torr, J. M. Warnes, B. Liu, Z. Li, H. Wang, S. Kashani Rahimi, R.

33



E3S Web of Conferences 509, 03011 (2024) https://doi.org/10.1051/e3sconf/202450903011

ICONN-2023

Aeinehvand, K. Kim, J. U. Otaigbe, L. B. Tavares, C. V. Boas, G. R. Schleder, A.
M. Nacas, D. S. Rosa, D. J. Santos, Y. Y. Y. Li, A. J. Ragauskas, N. Y. M Sain, S.
Laurichesse, C. Huillet, and L. Avérous, Express Polym. Lett. 18, 1 (2014)

22. H. Stone, R. Villwock, and B. Martel, in Polyurethanes Conf. (2000), pp. 1-7

23. J. Datta, E. Glowinska, and M. Wloch, in Recycl. Polyurethane Foam. (2018), pp.
57-65

24, A. A. Elshabini, F. Barlow, and P. J. Wang, in Ref. Modul. Mater. Sci. Mater. Eng.
(2017)

25. P. M. Spasojevic, in Unsaturated Polyest. Resins Fundam. Des. Fabr. Appl. (2019),
pp. 367406

26. T. Lee, J. H. Kim, Y. F. Tsang, W. H. Chen, D. Lee, M. W. Jung, S. Jung, and E. E.
Kwon, Chem. Eng. J. 457, (2023)

217. K. Wilczynski, A. Nastaj, A. Lewandowski, K. Krzysztof Wilczynski, and K.
Buziak, Polymers (Basel). 11, (2019)

28. M. L. Booy, Polym. Eng. Sci. 18, 973 (1978)

29. K. Kato, S. Nomura, and H. Uematsu, J. Mater. Cycles Waste Manag. 5, 98 (2003)

30. M. T. Garcia, I. Gracia, G. Duque, A. de Lucas, and J. F. Rodriguez, Waste Manag.
29, 1814 (2009)

31. K. Kaiser, M. Schmid, and M. Schlummer, Recycling 3, (2018)

32. M. Vera, A. Schippers, S. Hedrich, and W. Sand, Appl. Microbiol. Biotechnol. 106,
6933 (2022)

33. P. D. Krasicky, R. J. Groele, and F. Rodriguez, Chem. Eng. Commun. 54, 279
(1987)

34. G. Elordi, M. Olazar, G. Lopez, M. Amutio, M. Artetxe, R. Aguado, and J. Bilbao,
J. Anal. Appl. Pyrolysis 85, 345 (2009)

35. V. Hansen, D. Muller-Stover, L. J. Munkholm, C. Peltre, H. Hauggaard-Nielsen,
and L. S. Jensen, Submitt. to Geoderma 269, 99 (2016)

36. M. Altarawneh, A. Saeed, M. Al-Harahsheh, and B. Z. Dlugogorski, Prog. Energy
Combust. Sci. 70, 212 (2019)

37. G. E. Schweitzer, in Borrowed Earth, Borrowed Time (1991), pp. 189-212

38. E. G. Ashton, W. Kindlein, R. Demori, L. H. A. Candido, and R. Mauler, J. Clean.
Prod. 116, 268 (2016)

39. F. A. Cruz Sanchez, H. Boudaoud, M. Camargo, and J. M. Pearce, J. Clean. Prod.
264, (2020)

40. 0. E. Ogunmakinde, Recycling 4, (2019)

41. M. Beccarello and G. Di Foggia, in Mater. Today Proc. (2018), pp. 531-543

42, A. Schulte, P. A. S. Velarde, L. Marbach, and P. Mérbitz, Resour. Conserv. Recycl.
Adv. 17, (2023)

43. J. Kirchherr, D. Reike, and M. Hekkert, Resour. Conserv. Recycl. 127, 221 (2017)

44, C. M. Rochman, M. A. Browne, A. J. Underwood, J. A. Van Franeker, R. C.
Thompson, and L. A. Amaral-Zettler, Ecology 97, 302 (2016)

45, U. Arena, M. L. Mastellone, and F. Perugini, Int. J. Life Cycle Assess. 8, 92 (2003)

34



E3S Web of Conferences 509, 03011 (2024) https://doi.org/10.1051/e3sconf/202450903011

ICONN-2023

46. R. Geyer, J. R. Jambeck, and K. L. Law, Sci. Adv. 3, (2017)

47. R. Tolomeo, G. De Feo, R. Adami, and L. S. Osséo, Sustain. 12, (2020)

48. R. J. Tapper, M. L. Longana, A. Norton, K. D. Potter, and I. Hamerton, Compos.
Part B Eng. 184, (2020)

49, G. Jungmeier, Int. J. Life Cycle Assess. 23, 1 (2017)

50. M. F. Cosate de Andrade, P. M. S. Souza, O. Cavalett, and A. R. Morales, J.
Polym. Environ. 24, 372 (2016)

51. F. Ardente, L. Talens Peir6, F. Mathieux, and D. Polverini, J. Clean. Prod. 198,
1545 (2018)

52. X. Zhang, M. Zhang, H. Zhang, Z. Jiang, C. Liu, and W. Cali, J. Clean. Prod. 255,
(2020)

53. S. Chong, G. T. Pan, M. Khalid, T. C. K. Yang, S. T. Hung, and C. M. Huang, J.
Polym. Environ. 25, 136 (2017)

54, N. Singh, R. Singh, and I. P. S. Ahuja, Trans. Indian Inst. Met. 71, 2479 (2018)

35



