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Abstract

According to research findings of many peer-reviewed studies, up to 90% of household items may be made of plastic. But
nowadays, just a small portion of plastic waste is recycled. Plastic pyrolysis and polymer breakdown are environmentally
hazardous. Processing is, therefore, necessary for recycling. Plastics are constantly being manufactured and require minimal
processing, necessitating innovation. Plastic recycling is becoming a major issue for environmentalists and waste manage-
ment professionals. Fused deposition modelling, or FDM, is one of the most popular types of additive manufacturing. It uses
the melt extrusion process to deposit filaments of thermal polymers in a predetermined pattern. Using a computer-generated
design, 3D printing, sometimes referred to as additive manufacturing, is a technique for building three-dimensional objects
layer by layer. A 3D item is produced by the additive method of 3D printing, which involves building up layers of material.
To make a three-dimensional object, FDM printers eject a thermoplastic filament that has been heated to its melting point
layer by layer. 3D printing is a rapidly expanding industry and the market in this field has grown up to 23% by 2021. Several
experiments on new 3D printing materials have been carried out to reduce pollution and the supply of plastic. Various addi-
tives have been investigated to increase recycled polymers’ molecular weight and mechanical properties. The most frequent
type of fibre found in that is thermoplastic fibre. In this instance, waste ABS (acrylonitrile butadiene styrene) plastic from
industrial FDM printers was gathered and examined in a bustling open shop. In this review, we discussed the use of recyclable
polymers in 3D printing for waste material management.
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1 Introduction

Plastics are non-biodegradable and contribute to increased
pollution of the environment [1, 2]. Recycling these is the
most beneficial option nowadays. Plastics degrade over a
period ranging from 10 to 450 years [3]. Unfortunately,
historical records show that recycling has been carried out
via huge centralised factories that create goods of little eco-
nomic value rather than individuals. Plastic recycling has
emerged as one of the most important challenges in envi-
ronmental preservation and waste management [4]. Rapid
prototyping is made possible through 3D printing, which is
also known as additive manufacturing (Fig. 1).

Metal powder recycling is feasible and profitable for
businesses in terms of cost savings or revenue generation. It
also helps to maintain a sustainable environment and society
by reducing pollution and using less resources and energy.
Industry has a huge capacity for additive manufacturing
(AM), which forces the cost of the process to be brought
down to, making it financially viable. Powder is frequently
left behind after powder bed fusion (PDF) or 3D printing
metallic items. By reducing the cost of the powder feed-
stock, which is just as crucial to the production of high-
performance parts as the machine itself, reusing these in
the manufacturing process will increase the sustainability
of the process [5].

Fusion-based filament fabrication, or FDM 3D printing,
is additive manufacturing (AM) technique used for material
extrusion. FDM employs thermoplastic polymers in the form
of filaments to manufacture parts layer by layer by precisely
placing melted material in a specified direction. FDM is the
most frequently used technology, with the greatest installed
base of desktop and industrial-grade 3D printers worldwide.

A handful of the various additive manufacturing tech-
nologies developed include stereolithography, fused deposi-
tion modelling, selective laser sintering, and other free-form
fabrication techniques [6]. Fused deposition modelling is
one of the most widely used open-source technologies since
commercial fused deposition modelling printers are tiny,
affordable, and need little maintenance [7—11]. After being

Fig. 1 There are several distinct
kinds of 3D printing

extruded, each layer is cooled and solidified before being
used for further processing. In addition, additive manufac-
turing may be more environmentally friendly than conven-
tional methods [12]. The advantages of additive manufac-
turing include lower material costs, the ability to customise
components, and the ability to produce in various ways [13].
Life cycle analysis was used to evaluate the environmen-
tal effect of two distinct additive manufacturing machines
(fused deposition modelling and polyjet) on that of a regular
computer numerical control (CNC) milling machine using
a life cycle analysis model (CNC milling machine) [14, 15].
According to the literature, the fused deposition modelling
machine had the lowest environmental impact per compo-
nent created [16, 17].

Removing considerable quantities of material in additive
manufacturing is unnecessary since the products are created
by stacking materials. It can minimise the amount of trash
generated [18]. On the contrary, 3D printers may be used
the same way traditional printers are in the office, result-
ing in a high rate of usage errors in the workplace. Aside
from that, many users of commercial FDM printers are
completely untrained in the 3D printing process (Table 1).
Consequently, the actual quantity of material wasted may be
more than the amount wasted under ideal operating condi-
tions, with no human or printer errors [19]. FDM creates two
types of waste materials in real-world situations: support
material and prints that do not come out correctly. The print-
ing direction and other variables may impact the amount of
support material required [20-22].

The trash generated by fused deposition modelling raises
environmental and economic issues [23]. When analysing
the waste from fused deposition modelling, most research
focuses primarily on creating support material. In other
words, production under ideal conditions with no failures is
the norm [24]. On the other hand, failure prints account for a
significant portion of the material waste in the study’s open
shop [25]. For this reason, this article describes the results
of a printing failure study done in an open shop with regular
customers with varying degrees of printing expertise, fol-
lowed by the future directions for decreasing material waste.
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Table 1 The primary variations between an industrial FDM machine and a conventional desktop one

Property

Industrial FDM

Desktop FDM

Typical accuracy
0.18-0.5 mm

1 mm

Typically thick layers

The smallest wall thickness
Maximum construction envelope
Relevant materials
Supplementary materials

Capacities for production (per machine)

+0.15% (lower limit+0.2 mm)

Large (e.g. 900x 600 % 900 mm)
Acrylonitrile butadiene styrene, PC, ULTEM
Water-soluble/break-away

Low/medium

+ 1% (lower limit: + 1.0 mm)
0.10-0.25 mm

0.8-1 mm

Medium (e.g. 200 % 200 % 200 mm)
PLA, ABS, PETG

Same as part (typically)

Low

2 Fused deposition modelling approach

Commercial fused deposition modelling printers generate
the waste data considered. These printers may have less of
an impact on the environment in the future. The purpose of
additive manufacturing is to use just the essential materials
to make the final product most efficiently [26]. As a con-
sequence, less material and energy are used. Process time,
energy usage, the main flow of workpiece materials, and the
secondary flow of process catalysts should all be included
in the environmental analysis for additive manufacturing
processes [27]. Most studies on the environmental impact
of additive manufacturing have focused on the amount of
energy used [28-31]. Material waste in consumer operating
settings has only been the subject of a few studies.

Two factors were evaluated while calculating the cost of
constructing using fused deposition modelling: the quantity
of material required to make a component and the amount
of material utilised to construct the support. In certain
cases, the material required for the support structure will
vary based on the component [32]. Orientation of the printed
component, in addition to printing time and part accuracy,
may influence the surface roughness of the printed compo-
nent’s surface [33].

Although the failed printing resulted in a waste of materi-
als, it did not specify how much material was used. It also
provided a design guide for dimensioning and learning
selective laser sintering components, but it did not specify
how much material was wasted. Several online user manuals
for commercial fused deposition modelling printers provide
information on common problems and remedies [34]. The
16 most common fused deposition modelling difficulties
are detailed in-depth, and a collection of potential solu-
tions is included. The Print Quality Troubleshooting Guide
compiled an extensive list of the most common 3D print-
ing issues. In addition, it provided a print troubleshooting
pictorial guide to identify and resolve issues for RepRap
3D printers by utilising a large collection of real-world
images and print troubleshooting pictorial guide [35, 36].
These materials highlight the frequent faults that may occur
in additive manufacturing. Nevertheless, the frequency and

severity of such errors and the various human and machine
interactions that may contribute to such errors have not been
well examined.

2.1 Motivation and contribution

Fused filament fabrication and additive manufacturing (AM)
are the most recent research horizons in fused deposition
modelling printing [37]. In fused deposition modelling print-
ing, the research hotspots are ‘post-processing’ and ‘envi-
ronmental effect.” This article may give insight into fused
deposition modelling printing and important information for
fused deposition modelling researchers to consider when
analysing previous studies and advances [38].

2.2 Feasibility analysis

Figure 2 illustrates how a large institution counts waste by
setting up two labelled collection bins in an open shop. Engi-
neering students use the shop, which has 12 HP printers
and 20 P3DP printers, to prototype their ideas for capstone
projects and class assignments. On the other hand, printers
continue to run after business hours to finish any incomplete
printing tasks, with some 25 printers still active. As a result,
using the device beyond operating hours is still possible.
According to employees, the company expects daily visits
from more than 300 people. The trash had to be emptied
after 2 weeks. The acrylonitrile butadiene styrene (ABS)
filament that was utilised to calculate the waste percentage
at each interval was recorded. Mass balance was used to
precisely weigh the support material and unsuccessful prints
[34, 38].

By disassembling the components, it was feasible to
distinguish between human and machine mistakes in each
failure. We collated the staff knowledge, actual printer
use patterns, and causes for dissatisfaction using the most
recent FDM printer troubleshooting instructions. Two
examples of 3D printer actions performed at the task and
global levels of the process are shown in Figs. 3 and 4
[39]. These illustrations clarify that a failure could result
from either human or mechanical fault. An activity flow
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Fig.2 FDM machines in an
open shop made the waste. A
shop has two labelled containers
for measuring rubbish [34, 38]
with permission from Springer
Nature

chart for the printer’s useful life shows the steps involved
in acquiring, setting up, maintaining, and decommission-
ing the printer (Fig. 3). Success is independent of the num-
ber of individual print jobs. An activity diagram showing
how to operate a printer at the unit level is shown in Fig. 4.

Information on what happened to material waste collec-
tion and sorting in various errors is provided. In addition,
it offers suggestions for reducing the amount of waste pro-
duced by each kind of failure. In addition, it is emphasised
that collecting has its limitations and challenges. Although
the containers were labelled, some people persisted in throw-
ing their waste in the wrong bins, despite the markings. As a
result, all the garbage that had been gathered had been cor-
rectly scrutinised for any sorting errors. After sorting into
the support bin, part builds were re-sorted into the failed
bin. Throughout this period, there were a total of 20.11 kg
of failed prints and 16.51 kg of support material produced.
Figure 4 displays the variations in the mass of acrylonitrile
butadiene styrene (ABS) during the study’s time of 5 years.
Material waste from failed building projects accounts for
about 55% of total material waste [39].

It is calculated by dividing the number of rolls of fila-
ment consumed from inventory during each period by the
percentage of wasted material. One kilogram is the weight
of a single filament reel [40]. A total of 106 rolls of acryloni-
trile butadiene styrene (ABS) filament were used throughout
the experiment. A total of 106 kg of acrylonitrile butadiene
styrene material was used for 3D printing in the open shop.
In one collection cycle, the shop’s inventory was monitored
to determine the total quantity of material consumed. Ten
weeks of combined inventory and waste monitoring data
yielded 34.6% of the total material used for fused deposition
modelling printing [41, 42].

Based on the assumption that all installed filament rolls
were empty at the time of collection, these numbers rep-
resent the lowest feasible waste ratio. The average waste-
to-materials ratio is 30.6%, according to the Environmen-
tal Protection Agency (EPA). An average of 5.2% is used
to measure the standard deviation. The discarded pages
accounted for 19.0% of all printed pages during the period
under review. A controlled process experiment revealed
that the total mass of material lost to failed structures was

Fig. 3 Flow chart showing the

activity diagrams that were uti- .
lised and this flow chart assists Maintenance
in evaluating how failures (C alibration)
may be ascribed to human or
machine mistakes [35] 4
Purchase 3D Install 3D .
. > . > Use »  Repair
printer 7 printer
Scrap
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Fig.4 Software-based control E ¢ stl :
flow chart might be useful when XDOLLES Launch and Open .stl Wait and
determining whether a failure —» fileto e file in ~» Product |, myonijtor the
may be attributed to human or designate software platform temperature
machine error [35] desktop software i
Scale, move
or rotate
parts
Remove
<« <« Peel part <« Remove |« . < <«
support Print Setup
. off the plate plate
material

about 2.22 times more than the total material predicted in the
controlled process experiment. Compared to perfect condi-
tions, the total group of materials utilised was about 25%
more than ideal conditions. The waste-to-materials ratio has
changed through time, as seen in Fig. 5 [43].

Throughout the year, users of the fused deposition model-
ling printers developed a stronger sense of self. The accumu-
lation of knowledge and experience may cause a declining
material waste ratio throughout time. Only over spring break
at the institution under investigation did the total weight of
unsuccessful prints fall below that of the supporting docu-
mentation. Only individuals who had been trained in the
open shop were allowed to use the 3D printers there for the
length of the suspension. The crew is in charge of keeping
the 3D printers operational, and they frequently have more
knowledge about them than the ordinary user. Therefore,
the weight and quantity of failed prints may be much lower
around spring break. The total number of failed prints during
the analysed periods, broken down by failure type, is shown
in Fig. 5. There were a lot of prints that failed because of cal-
ibration issues with the data. Printing components could fail
if a printer’s calibration has been applied incorrectly. People
typically don not think much about the printing process.

Contrary to other sorts of failure that the printer can auto-
matically detect, such as warping brought on by insufficient
platform heating, printers may be unable to detect calibration
issues. Non-transparent lids on UP small 3D printers assist
prevent failures brought on by heat losses, but they also
make it harder for users to tell when a failure has occurred.
By doing this, failures brought on by heat losses are avoided.
The printers utilise a significant amount of paper in the pro-
cess and produce waste because they keep printing until the
job is finished. Customers who monitor the printing status
of each printer and identify any issues as soon as they arise
can prevent significant amounts of material waste. If there
are any problems with the product, customer support pro-
fessionals need to be informed. The team may then start
investigating the root of the issue after that. The staff will
fix any calibration faults to prevent them in the future [44].

The platform heating system failure is the second type of
failure. Platform pre-heating is necessary to prevent warp-
ing and enhance each individual component’s adhesion to a
printing platform [45, 46]. Pre-heating could take anywhere
from a few minutes to several hours, depending on the tem-
perature of the platform when the procedure started. It would
take less time to warm up the platform if the printer had just

m Time Period

m Failed Prints (%)

. Support Material (%) |

Fig. 5 During the investigation 80
(2016), a total of 106 rolls of —
ABS filaments were utilised. As 70
a result, 106 kg of materials was 60
utilised in the open shop for 3D
printing [35] (image permission 50
of Springer Nature) ;\?
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finished the previous job, saving time. On the other hand,
if the printer has been idle for a long time, the pre-heating
time will lengthen.

Consequently, users could easily keep track of the tem-
perature of the platform. However, the PP3DP (polypro-
pylene 3D printer) UP series of tiny printers do not have
temperature sensors. As a result, beginners may have diffi-
culty accurately controlling the pre-heating time [45]. Some
users may even overlook the importance of pre-heating their
devices. According to store employees who have seen it, the
platform’s warmth is considered the most common reason
for client failure. It is possible to reduce platform heating
waste by putting clear instructions in the open store during
business hours. Apart from human mistakes and equipment
failure, platform heating failure is common. The platform
may be unable to reach the required temperature due to wear
and tear on the printer, such as the inaccuracy of the tem-
perature sensor. This is related to a number of other issues.
As a result, printers must be checked regularly to ensure
proper operation [44].

The quantity of material lost due to layer shifts, the printer
stops, and skip layers may be reduced if a regular inspec-
tion and maintenance program is implemented. It is also
possible to reduce filament waste by limiting the number of
failures that need filament re-installation. Operators should
also use care while removing filament for troubleshooting.
There is currently no plan for inspections or maintenance
in the open shop. Employees self-diagnose and self-correct
printer issues in their spare time. Some damage may occur
during removal, and user's education and training may assist
in reducing the amount of discarded material [46].

To reduce the quantity of material lost due to physical and
nonphysical issues, better design for additive manufacturing
and a better overall structure may be necessary. Recently,
the issue of plastic recycling has come to the top of the list
of critical environmental protection and waste management
issues that need to be addressed, and for a good reason [47].
Many uses for polymer materials have been identified in
both everyday life and industry, demonstrating their versa-
tility [48, 49]. The ongoing use of plastic wastes and their
persistence and noxiousness when disposed of as garbage
prompted the topic of plastic wastes to be raised. Polymeric
materials can be reused, giving them a second chance at
life and allowing for more efficient waste management in
producing consumable products. For example, a tremendous
increase occurs in the 3D printing business [50]. Many ther-
moplastic materials, including recycled materials, can be
used to make printable filaments, which may then be printed.
As an alternative to the current practice of collecting plas-
tic waste and reprocessing it, papers on 3D printing fila-
ments derived from recycled polymers are examined in this
research. These researchers evaluated the influence of pro-
cessing on the physicochemical and mechanical properties

@ Springer

of thermoplastic polymers extensively used in the construc-
tion industry [51]. The researchers also examined commer-
cially available filaments made from recyclable materials
and equipment, allowing users to make their own filaments
for 3D printing purposes.

2.3 Problems formulation and novelty

Focusing on long-term sustainability is crucial in the manu-
facturing business. Global climate mitigation has affected
the industrial sector on a far larger scale. Increased resource
utilisation has resulted in the depletion of raw materials
for manufacturing. Additive production is a sophisticated
manufacturing process that was developed in response to
the deteriorating environment, economic imbalances, and
inefficient production techniques for complex geometries
[52]. Another aspect of sustainability to consider is the abil-
ity to recycle and reuse 3D printing materials. Given the
high cost of materials in the metal 3D printing industry,
this is a legitimate concern. Additionally, it saves resources
by requiring fewer manufacturing steps. Fused deposition
modelling (FDM) 3D printing uses thermoplastics as its
primary material, increasing the total usage of plastic [53].

Fused filament fabrication (FFF) is the 3D printing
method used in this investigation. The starting materials for
this product are thermoplastic polymers in filaments [54].
A robotic nozzle uses molten filament from a heated source
to build structures. Unfortunately, mineral oil is frequently
used to develop these fossil-based polymers as nonrenewable
materials. As a result, environmental sustainability suffers
greatly due to this wasteful usage of resources [8]. Sustain-
able development has an obvious ecological component, and
this research aims to discover ways to enhance that aspect.
Furthermore, the longevity of FFM 3D-printing filaments
may be extended in many ways [55].

The most popular filaments used in 3D printing are ther-
moplastic filaments. ABS and polylactic acid (PLA) plastics
are the most extensively utilised in today’s automobile sector.
The remaining materials include polycarbonate (PC), poly-
caprolactone (PCL), polystyrene (PS), polyetheretherketone
(PEEK), polyetherimide (PEI), and different polyethene (PE)
varieties such as linear low-density polyethene (LLDPE),
low-density polyethene (LDPE), and high-density polyethene
(HDPE). These materials are frequently used to print various
products, including vehicle components, medical equipment,
prototypes, packaging, and children’s toys [4].

Making 3D printing filament with a recycle bot (a domes-
tic plastic extruder) and an open-source self-replicating
3D printer is a potential distributed recycling solution for
PLA and ABS waste. Impurities in the computer waste
that could affect filament consistency and obstruct the 3D
printer nozzle were manually eliminated. The temperature
was maintained above the glass transition point but below
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the breakdown of molecular structures for this experiment.
The ABS material must be dried and crushed to avoid bub-
bles on the filament’s surface [56].

3 Waste management in the plastic industry

Plastics have been used in our daily lives for less than
100 years, but they have many applications in our homes,
workplaces, and on the road. Furthermore, because of their
adaptability, plastics can be used in an almost infinite num-
ber of ways. The obvious advantages of high mechanical
strength, low density, lightweight, ease of manufacture, and
low cost are undeniable [57]. Plastics are used in various
applications due to their properties, including packaging,
the automobile industry, electricity generation, construction,
transportation, medicine, and agriculture. However, exten-
sive plastic use generates massive amounts of waste, and
managing this waste is difficult. In 2018, 359 million metric
tonnes of plastics were produced worldwide. This number
is expected to double over the next 20 years.

Landfills are a common destination for plastic waste in
many countries. Plastic waste is piling up in landfills at an
alarming rate, and there is not enough room for it all. A more
stringent approach to waste management is needed to sup-
port the circular economy’s goal of recovering resources and
reusing them. One hundred twenty-five percent of plastic
garbage in landfills was processed in the EU (32.5% recy-
cled, and 42.6% utilised for energy recovery). Re-extrusion,
mechanical recycling, chemical reuse, and thermal pro-
cesses that generate energy (combustion, pyrolysis, and
gasification) are some methods available to cope with the
ever-increasing amount of plastic waste. Primary recycling
allows for the recovery of uncontaminated polymer remains
with properties comparable to those of the original material
to reduce waste. It may be used to dispose of waste materi-
als from other parts of the production process, such as the
extrusion process, which is utilised in most manufacturing
facilities today [58].

Secondary recycling involves materials that may
have been polluted in the process and non-contaminated
resources. These pollutants are removed from the envi-
ronment before conversion by shredding. It is milled and
granulated and utilised as a raw material for plastic manu-
facture; however, the quality of this material is often poorer
than that of primary recycling. In depolymerisation activi-
ties (solvolysis), polymers are transformed into chemicals
reused in manufacturing as part of the chemical recycling
process [59]. Plastics as an energy source are the least envi-
ronmentally friendly option, although their calorific value is
equivalent to that of fuel oil (average 42 MJ/kg) and they are
very efficient energy sources [60]. These types of operations
can release dioxins and other organic contaminants into the

environment. As a result, they must be closely supervised
at all times [61]. Currently, bacteria have not yet evolved
enzymes that allow for the biological breakdown of plas-
tics, which is important [62]. Polylactic acid (PLA) and
polycaprolactone (PCL) are two examples of biodegradable
polyesters used to make 3D printing filaments that degrade
when exposed to environmental factors. PLA and PCL are
both polymers that degrade when exposed to environmental
factors [63].

It is necessary to process them to deal with the pyroly-
sis of plastics and the absence of polymer degradation.
The use of landfills is just a temporary solution. A new
solution is required due to the continual production of
plastics and the poor degree of processing already avail-
able. There is no question that the most effective strategy
to manage waste is to prevent it from being created in the
first place. Plastics are sadly more prevalent and persis-
tent in the environment than glass and metal packaging
due to various factors, including simplicity of use, con-
sumer lifestyle, advantages of characteristics, and cheaper
production costs. A waste-free economy is still only a
notion when establishing one. There is an urgent need
for cost-effective plastic processing solutions to meet this
demand. An innovative and high-potential solution for 3D
printing using waste polymers is also being explored and
may be employed in the future.

4 Methods for separating, decontaminating,
and purifying plastic materials

Pyrolysis occurs in the creation of hazardous compounds
from municipal plastic waste (MPW), which comprises
various types of plastics such as polyvinyl chloride (PVC)
and polyethene terephthalate (PET) [64]. PVC is converted
into HCI and chlorinated hydrocarbons such dichlorometh-
ane (CH,Cl,) and chloroform (CHCI;). Without the
proper gas emission control modules, these organic and
inorganic chlorides have the potential to destroy pyroly-
sis equipment, taint other products, and pollute the air
[65]. Additionally, oxidising (burning) these chlorinated
hydrocarbons can produce more dangerous byproducts,
including dioxins and furans [66]. When PET thermally
decomposes, carbonic acids such as benzoic and tereph-
thalic acids are produced. They are problematic for the
pyrolysis plant because they cause pipework to corrode
and become clogged [67] (terephthalic acid is solid at
room temperature). Additionally, the mechanical or chemi-
cal recycling of PET is more fascinating than its pyrolysis
(e.g. hydrolysis, methanolysis, glycolysis, ammonolysis,
and aminolysis). The entire depolymerisation of PET
results from chemical recycling [68]. As a result, before
pyrolysis, mixed polymers must be separated.
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High-performance polymers and plastic decontamina-
tion are areas of expertise for several technologies. Recov-
ering value, maintaining material qualities, and lowering
material costs are all benefits of plastic decontamination
recycling methods, to eliminate the dangerous chemicals
in recycled plastics that have restricted their use. This is
the case with odours or other substances that modify their
physical characteristics, including resistance. Removing
additional materials that are restricted by plastics do not
disappear through recycling. The target plastic resin is
first isolated from a mixed waste stream before the solvent
extraction process can begin. The separated resin is dis-
solved in one or more carefully chosen solvents to create
a homogenised solution. Then, using a series of physical
separation and chemically aided procedures, non-plastic
impurities such as additives, colourants, odorants, and oth-
ers are eliminated from this homogenised solution. The
purified plastic is dissolved in the filtrate that is still pre-
sent. The filtrate mixture is then added with a non-solvent,
and the purified resin is re-precipitated and recovered. The
result is a refined resin that can be utilised to create new
plastic products. The entire procedure uses non-hazardous
solvents that are recovered and recirculated while operat-
ing at a relatively low temperature and pressure [69].

5 Thermal treatment for recycled material
extruded

Recyclable material undergoes thermal processing before
being extruded. Catalytic pyrolysis was discussed by [70]
in terms of the makeup of the pyrolytic oil and the effects of
operating factors like temperature and retention time. One
method for transforming plastic into a preliminary liquid
product is pyrolysis. A thermochemical process called ther-
mal pyrolysis can be carried out at a variety of tempera-
tures (350-900 °C), unlike combustion, which calls for a
wide spectrum of oxidising agents (350-900 °C). Differ-
ent temperatures—low (400 °C), medium (400-600 °C),
and high (> 600 °C)—can be used for pyrolysis (i.e., PET).
The medium (400-600 °C) and high (> 600 °C) types are
determined by the temperature level and residence period
(Table 2). Pyrolysis and the intended products are defined
by temperature and residence time [69].

6 3D printing using recycled polymers

In recent years, there has been a significant increase in the
global production of plastic-based products. A further point
to note is that Asia accounted for half of the 359 million
tonnes of plastic generated in 2019, with Europe account-
ing for just 17% of the total. For virgin plastic production,
just 1.3 billion barrels of the 1.3 billion barrels of oil gener-
ated annually throughout the globe are required [59]. Most
polymers used in manufacturing do not degrade and may
be present in the environment for hundreds of years after
manufacturing [72]. Environmental pollution is a key source
of worry that stems from this fact. According to research,
it is possible to reuse up to 90% of plastics. Currently, plas-
tic rubbish accounts for up to 80% of landfill waste, with
just a tiny fraction of that waste being recycled. Plastics
generated from HDPE, LDPE (low-density polyethene),
PP (polypropylene), and PVC (polyvinyl chloride), which
manufacturers frequently use, are the most serious source
of concern. Their landfills are a source of greenhouse gas
emissions, damage the environment, and potentially harm
human health [73]. PLA-related trash has a substantially less
global impact than other types of garbage since its natural
origin has no major environmental impact. As a consequence
of their mechanical limitations, manufacturers are hesitant
to use this material more frequently. However, the fact that,
after a few recycling cycles, the material loses its features
presents the biggest problem in recycling. Apart from that,
there has been a reduction in instability, which might harm
human health [74].

The use of 3D printing technology allows for creating
complex structures on a smaller scale. However, because of
technological improvements, the increased usage of plastic
has also been a source of worry. Even while 3D printing
waste is not a major problem, data show that the technology
itself may be used to decrease the amount of post-production
waste created, according to the manufacturer [75]. Recy-
cling polymeric materials for 3D printing includes a variety
of steps such as selective material separation, decontami-
nation and purification, grinding, extrusion, and remelting.
This operation’s logistical and financial aspects are the most
challenging aspects of the whole process. According to the
results, recycling resources provides no economic advantage,
and the cost of a recycled product is defined by the market
price of the filament used in its creation in the first place [76].

Table 2 Based on operational

‘ . Process heating Rate Residence time Temperature (°C) Major products
circumstances and intended
products, pyrolysis procedures Slow carbonisation Very low Days 450-600 Charcoal
were modified from [69, 71] Slow pyrolysis <5°C/s 10-60 min 450-600 Char, oil
Fast pyrolysis 10-200 °C/s 0.5-5s 550-650 Oil
Flash pyrolysis 1000 °C/s <ls 450-900 Oil, gas
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7 Recyclability and material characteristics

During extrusion, polymers degrade due to shear stress, tem-
perature, and oxygen exposure. Although both PLA and PE
are vulnerable to these components, this process happens in
both of them [77]. It is important to note that the polymer’s
physical properties significantly influence the quality of
the extrusion products that may be generated. For example,
polymers’ viscosity, molecular weight, and breaking strength
may be drastically changed by repeatedly extruding them at
high temperatures. In addition, various factors, such as tem-
perature and the amount of material extruded, may induce
changes in the qualities of the material [78, 79]

Some non-biodegradable plastic (HDPE: high-density
polyethylene) is frequently utilised in geomembranes, plas-
tic lumber, corrosion-resistant pipes, and plastic bottles. Due
to its extensive daily use, which accounts for a significant
portion of the plastic solid waste produced, it can also be
viewed as a significant supply of raw materials for the recy-
cling sector. For its high strength to density ratio, HDPE
is well-known. As a reinforcement, ZrO, increases tensile
strength and hardness, and creates a special recyclable
material that can survive high temperatures for an extended
period of time. Zirconium’s white crystalline oxide, ZrO,, is
also referred to as zirconia (not to be confused with zircon)
[23, 24]. The mineral baddeleyite is the most prevalent natu-
rally occurring form of it and has a monoclinic crystalline
structure. Cubic zirconia, a dopant-stabilised cubic struc-
tured zirconia, is produced in a range of hues for usage as a
gemstone and a diamond substitute. According to a survey of
the literature, numerous researches have been published on
the use of metallic, ceramic, and nonmetallic particles in 3D
printing applications to strengthen the recycling and recov-
ery properties of polymers (Fig. 6). According to certain
studies, adding 25% graphene via chemical and mechani-
cal means to recycled acrylonitrile butadiene styrene (ABS)
polymer improves electrical and thermal conductivity [80].

7.1 Polymers for 3D printing on a commercial scale
The 3D printing business is one of the most quickly increas-

ing industries in the world right now. It is estimated that the
market will have risen by more than 23% by 2021, reaching

a value of more than ten million dollars by that period [81].
Even though 3D printing has only been around for a few
years, it has quickly become a popular trend in recent years.
Because of its simplicity and low production costs, 3D print-
ing is often employed in prototype and small-scale manufac-
turing applications. 3D printing has recently grown in vari-
ous industries, including aerospace, military, automotive,
medical, and construction [81]. Among the materials used in
3D printing, thermoplastic filaments account for the majority
(98%) [82]. ABS and PLA are the two most often encoun-
tered polymers worldwide [77]. Polycaprolactone (PCL)
and many polyethene (PE) variants, including low-density
(LD), linear low-density, and high-density polyethene, are
among the materials used (HD). Polycarbonate (PC), poly-
styrene (PS), polyetherimide (PEI), and polyetheretherke-
tone (PEEK) are all included in this category (high-density
PE). Printed products ranging from vehicle components to
medical equipment to prototypes to packaging to miniature
garden buildings to children’s playthings are routinely pro-
duced utilising these sorts of materials, as are a broad range
of other items. Unfortunately, even if the advantages of 3D
printing exceed the technology’s negatives, the process still
creates much waste.

Furthermore, since prints may be used to construct com-
ponents without machining or other equipment, many of
them are destroyed after just a few applications. The waste
management problem will only worsen as the number of
thermoplastic prints increases with the development of
additive technologies. Recycled plastic filaments might be
a feasible replacement for virgin plastic filaments. Most 3D
printing filaments are produced by extrusion, which includes
putting a granulate or polymer powder into an extruder,
which is then heated to homogenise the material into a line
with precisely defined properties (standardised diameter,
adapted to the size of the printer element). Many manu-
facturers now offer recycled PLA and ABS filaments for
3D printing applications. Unfortunately, very little is known
about the mechanical properties of recycled filaments at this
point. Despite this, they significantly influence the overall
quality of printed items. Therefore, it would be beneficial to
research the rates of recycled filaments and compare them to
the rates of virgin material to enhance 3D printing technol-
ogy in the future [77].

Fig.6 The procedures needed
to recycle thermoplastic waste
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7.2 Polymer manufacturing additives

Many attempts have been made to develop a new generation
of 3D printing materials to combat environmental pollution
and replace the rapidly diminishing supply of post-petroleum
plastics. Research and testing on recycled polymer addi-
tives that enhance molecular weight and improve mechani-
cal properties have been carried out in great detail. It has
been investigated if additives that extend polymer chains and
peroxides that accelerate the formation of free radicals are
beneficial (molecular weight increase, cross-linking agent).
After being combined with lignin, PLA is extruded at tem-
peratures between 180 and 190 °C. Compared to samples
made entirely of PLA, the addition of biopolymer improves
melting characteristics but lowers tensile strength by 18%
and Young’s modulus by around 6% [83]. In addition, car-
bon fibres were used in the construction of the vehicle. In
comparison to the original material, the recycled material
had a 25% higher bending strength than the original. Among
the materials tested, CFR (carbon fibre reinforced) and
PLA (polylactic acid) had recovery rates of 100% and 71%,
respectively [84]. The polymer’s properties were improved
for the first time during this method. With the continual loss
of physical properties in recycled polymers, it became clear
that new adhesive reinforcement types would need to be
investigated. As a result, dopamine was used in this experi-
ment since most surfaces are easily absorbed and have a
long half-life.

Additionally, this property may be coated with polymers
to give them a unique appearance. It is necessary to mix
the ground PLA into an ammonia-based dopamine solution
for 4 h after it has been introduced. PLA is then dried and
extruded as a result of this process. The mass dispersion
of PLA containing dopamine starts at 200 °C, but the tem-
perature of pure PLA is more than 320 °C. Aside from this
improvement, the coating also increased the material’s ten-
sile strength by about 20% [85, 86].

The use of antioxidants and oxidising stabilisers may help
enhance recycled plastics’ properties. Hydroquinone and
tropolone are examples of such medications. Hydroquinone
has been found to maintain the stability of the PLA chain
length during thermal processing, making it a more effec-
tive free radical scavenger than other chemicals. The mate-
rial’s mechanical properties were found to be similar to these
results [87]. In the past, polyethene terephthalate (PET) and
post-pyrolysis packaging waste were also used as 3D print-
ing materials (biochar filament, 0.5 and 5% by weight). A
significant increase in the strength of the composite was seen
when comparing pure PET shred to the composite (between
32 and 60%) [88]. It has also been improved in terms of ther-
mal and dimensional stability for mixed compounds. Unique
3D printing methods, such as utilising lignocellulose-based
mats that may be 3D printed using recycled PET, have been
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investigated for their possible use in novel 3D printing pro-
cesses [89]. According to the alignment of the fibres and the
direction of matting (directional or oppositional), different
results were obtained for the mechanical properties that were
examined (for example, tensile strength value for directional
15.72 MPa and oppositional 2.5 MPa). The article suggested
that mats may be suitable for use in additive manufacturing
processes in the future.

An addition in the form of biocarbon was shown to
enhance the regenerated material’s mechanical character-
istics significantly. Thermal treatment combined recycled
PET bottles with biocarbon (100 m). The material’s tensile
strength was improved by 32% due to the inclusion of an
extra component. The modulus of elasticity increased by
nearly 60%, and the resistance to heat and oxidative condi-
tions improved [88]. As well as reinforcing PLA, biocar-
bon may also be utilised to strengthen other materials. The
stiffness of the samples was found to be enhanced by the
additions in conjunction with natural additives (up to 8%)
[90]. Recycled gypsum (0-50 wt.) and hemp or harakeke
fibre filaments (0-50 wt.) were added individually during the
formation of new mat types to boost the value of recycled
polypropylene (PP). The greatest results were from harakeke
fibber filaments (30 wt.; tensile strength 39 MPa, Young
modulus 2.8 GPa). When printing procedures are used to
print certain materials, they tend to lose some of their char-
acteristics [80]. Recycled polymers might be improved by
adding nanocrystalline powders of Fe, Si, Cr, and Al into the
extrusion process of PP and HDPE filaments. When com-
pared to the values of the base materials, adding 1% of a
powder combination (Fe-Si-Cr or Fe-Si-Al) increased yield
strength by 37% and young modulus by 17%. Metals also
help prevent cracks from forming [91]. Recycled HDPE with
an addition in SiC/Al,O; showed a considerable increase
in mechanical strength. Paraffin wax serves as a binding
agent when HDPE waste is combined with reinforcing (SiC/
Al,O3). A screw extruder is used to extrude the mixture.
The material’s thermal properties are marginally affected by
the addition of the additive, while the material’s mechanical
strength is greatly improved. According to literature, zir-
conium oxide might be used to improve recycled HDPE in
another investigation. A ball mill grinds the additive into
the polymer after mechanical mixing [4]. At 190 °C, the
filament is extruded. The coefficient of friction of the unre-
inforced material is 40% greater than that of the zirconium
oxide-reinforced polymer. For low-temperature bearings, the
novel polymer may serve as a construction material. It was
tested if a stabilisation promoter, SEBS, could be added to
the PET, PP, and PE combination used as a feedstock for 3D
printing. The tensile strength of the mixes was lower than
that of pure recycled PET (23 MPa for PP/PS mix, 19 MPa
with SEBS addition) (35 MPa). In most instances, PP/PET
was 50-50 weighted, although glass transition was moved
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to a higher temperature range in others [92]. The recycled
material’s characteristics were greatly enhanced by includ-
ing an extra component or multiple components. To address
the issue of restricted material reuse, this is a novel way.

8 Recommended applications
and perspectives for the future

Plants have become increasingly popular over the last years
with low production costs, lightweight, durability, and
strength. This is particularly true for consumers. Further-
more, they have a lengthy shelf life, are detrimental to the
environment, and are non-biodegradable in nature [93]. Plas-
tics have been extensively used throughout the last 50 years
due to their durability, versatility, and low production costs,
among other factors [56]. It is estimated that by 2050, the
world will manufacture about 320 million of magnesium
per year, which is predicted to climb to 850 million Mg by
2050. In the preceding 30 years, the production of plastics
has increased by a factor of five.

Additionally, there is an increasing problem with plastic
waste, which necessitates the development of environmen-
tally beneficial methods of using waste plastic in production.
In typical recycling, low-density plastics are collected and
separated from higher density plastics. Because the move-
ment of products can pollute the environment, so there is
need to remove it. In addition, Recyclebot’s distributed recy-
cling technique is more environmentally friendly since it
makes filament for 3D printing out of recycled plastic wastes
derived from the users’ trash. Using rubbish as a resource to
manufacture valuable items at the place of genesis is a revo-
lutionary method of recycling that can transform the world
[56]. Different types of plastic garbage may be recycled in
a variety of ways. Plastics may be recycled in various ways,
including chemical, mechanical, energy, and re-extrusion
recycling. Palletisation and extrusion are two of the most
effective methods [93]. The market impacts the need for
plastic recycling [80].

On the other hand, typical recycling has considerable
drawbacks, such as rubbish disposal and polluting the envi-
ronment. 3D printing for closed-loop recycling might be a
realistic alternative in the future [74, 75]. Personalised prod-
ucts may be created via 3D printing, also known as additive
manufacturing (AM) [85]. Thermoplastics that are utilised
as feedstock for AM may be recovered via the process [80].
Some possible uses include medicine, food, construction
materials, toys, and other things [86]. Combining recycled
polymers’ thermal, mechanical, and tribological properties
is feasible by fabricating composites that incorporate a poly-
meric matrix reinforced by fibre, ceramics, metal, or glass,
among other materials [94].

When printing operations, such as print speed, melting
temperature, melt pressure, and nozzle size, are modified

and standardised, accuracy improves. The mechanical
properties of an FDM-printed item might vary substantially
depending on the printing circumstances. Optimising the
processing of each composite polymer is required to provide
consistent prints and reduce waste from failed prints and
support materials. Appropriate material for layer-by-layer
building must have low melting temperatures and viscos-
ity and solidify fast after extrusion to prevent clogging the
nozzle. Increased melt viscosity may impair the material’s
printability due to the fillers used in biocomposite polymers
[95]. When the printing direction raster angle is zero, printed
goods’ anisotropic behaviour and mechanical characteristics
improve. Print speed is also important to guarantee that the
extruded material cools enough before applying the next
layer without distortion. However, the layer must not cool
down too rapidly to prevent future layers from adhering [96].

9 Conclusions

As aresult of their incapacity to disintegrate, when plastics
degrade, they damage the ecosystem in which they occur.
According to the literature studies, recycling has proven to
be the most successful technique for maximising the value
of post-consumer plastics. Plastics deteriorate over 10 to
450 years, depending on the material. Historic practices
included utilising large, centralised enterprises that create
low-value commodities for recycling purposes. The high
cost of transportation is a contributing cause to this situation.
Desktop 3D printing permits manufacturing complex plastic
things at the user’s location rather than in a factory. This sec-
tor’s value is projected to increase dramatically in the next
few years. Consumers may create their items out of recycled
materials, which is the basic premise of the initiative and
saving money in various ways, including reducing spending
on commercial plastic products and lowering environmen-
tal expenses. Additionally, we have seen in various articles
many alternative applications for various needs during the
present coronavirus epidemic. For example, through 3D
printing, it may be possible to create visors that protect the
eyes against coronavirus infection. For example, 3D print-
ing enables manufacturers to adjust fast to their production
processes in response to changing market needs.
Non-biodegradable materials have mostly replaced biode-
gradable materials in 3DP applications due to their superior
mechanical and physical properties. Because of their excep-
tional physical properties, some materials, such as acryloni-
trile butadiene styrene (ABS), are used as replacement parts
or prototypes in the manufacturing industry. ABS is a high
melting point thermoplastic polymer. On the other hand,
these materials are not environmentally friendly, neces-
sitating the urgent search for more biodegradable alterna-
tives. Although certain filaments have been produced using
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bio-based fillers such as plant-based to give the printed item
a wood-like look and feel, this is not always the case. There-
fore, materials that are both environmentally friendly and
cost-effective are urgently required. This paper aims to look
at the utility of reusable and biodegradable materials for
FDM, focusing on the sustainability of materials used in
extrusion-based 3D printing that might be utilised as bio-
materials for consumer prototypes and other applications.
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