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Abstract

Polyethylene terephthalate (PET) is one of the most widely used plastics globally, and its
poor post-consumer management poses serious risks to the environment and human health.
Tackling this issue requires innovative strategies that combine recycling and sustainable
manufacturing with the principles of the circular economy. This study addresses this
challenge by investigating the use of recycled PET, along with reverse logistics, to produce a
cell phone holder through additive manufacturing (AM). Characterization was performed
using differential scanning calorimetry, thermogravimetric analysis, intrinsic viscosity
measurements, and mechanical tensile tests. Environmental and circular performance
were evaluated using Life Cycle Assessment (LCA) and the Material Circularity Indicator
(MCI), comparing production with 100% virgin PET resin and 100% recycled PET resin.
The results showed that the recycled route achieved a tensile strength of 37.7 MPa, with
7.6% strain before rupture, and thermal analysis confirmed its stability during processing.
The LCA revealed a 12% reduction in overall environmental impacts when recycled PET
replaced virgin resin, with electricity consumption identified as the main critical point. The
circularity assessment suggested potential savings of up to 70% if recycled PET products
are reprocessed at the end of their life cycles. These findings demonstrate that combining
open-loop recycling with additive manufacturing (AM) can effectively turn waste into high-
quality, value-added products, advancing circularity and sustainable material innovation.

Keywords: plastic pollution; open-loop recycling; attributional and consequential LCA;
additive manufacturing; circular economy

1. Introduction

Three primary factors drive plastic pollution: the widespread global extraction of
non-renewable crude oil, inadequate post-consumer waste disposal practices, and the preva-
lence of single-use products. In addition to human-related issues, the inherent qualities of
plastics, such as durability, potential for accumulation, and micro-scale fragmentation [1],
cause significant environmental harm [2]. Additionally, the benefits of using these materials
across various societal contexts have been undermined due to poor management and a lack
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of coordination among production, consumption, and reverse logistics. Therefore, reinte-
grating plastics into production chains is essential to reduce resource use and emissions
while promoting circularity.

Polyethylene terephthalate (PET) is among the most widely used plastics globally,
and it is commonly employed in single-use items. In 2021, global consumption of PET
bottles reached approximately 583 billion [3], with a large portion improperly discarded.
One way to mitigate this issue is to promote the recycling of post-consumer products.
PET recycling mainly occurs in two forms: bottle-to-bottle (B2B) and bottle-to-fiber (B2F).
Both approaches are associated with fewer environmental harms than virgin PET [4].
Additionally, expanding the use of recycled PET through upcycling and transforming
waste materials into higher-value products helps reduce the adverse effects of improper
disposal globally [5].

The Life Cycle Assessment (LCA) approach is crucial for evaluating the environmental
impacts associated with these scenarios. Over the last few decades, LCA has been used to
analyze different management options for PET materials. For example, a study on waste
management practices in Brazil [6] found that mechanical recycling offers the most environ-
mentally friendly option among available alternatives. However, the same study noted that
this method still requires operational improvements to perform more effectively within a
circular economy (CE) framework. Therefore, developing a stronger market for recycled
secondary materials is crucial [7]. The draft resolution of the United Nations Environment
Assembly (UNEA 5.2) on “End of Plastic Pollution” plays an essential role in advancing CE
principles [8]. In response, there is growing interest in creating metrics and strengthening
circular practices, with circularity indicators gaining prominence. Among micro-level
indicators, the Material Circularity Indicator (MCI) [9] is notable for its consistency and
accuracy, as it considers both material flows and lifespans [10].

Combining LCA and MCI approaches enhances assessment accuracy, supports strate-
gic decision making for circular projects, and improves environmental performance. Pre-
vious studies have explored this complementarity to identify the advantages and limita-
tions of PET circularity, focusing on recycling in bottle production and various industrial
sectors [11]. Systems operating in a closed loop increase circularity at the product level, but
only if recovery rates are raised at the PET market level. This suggests that circularity strate-
gies should target the entire product range for a given material, emphasizing the overall
market, rather than a single product. Integrating life cycle impacts and circularity metrics
is crucial for identifying potential trade-offs in production practices [12], particularly in
studies involving PET recycling.

Combining PET recycling methods with modern technologies, such as additive manu-
facturing (AM), especially Fused AM, a design and manufacturing process guide, could
lead to effective and sustainable production strategies. These technologies are expected
to grow significantly over the next decade. For example, in the healthcare sector, AM is
already used to produce implants. Several benefits, including improved biocompatibility,
rapid prototyping, and cost savings, have been reported [13], with projections indicating
a nearly threefold market increase by 2026 compared to 2020 [14]. As a part of new pro-
duction models, these technologies offer eco-friendly solutions associated with reduced
resource consumption, lower waste generation, decentralized logistics, and decreased
transportation impacts. They also provide notable advantages for polymer materials, in-
cluding enhanced manufacturing precision and flexibility [15]. However, they also face
challenges related to high electricity consumption that require optimization [16-20]. Using
recycled plastic filaments as raw material for AM has been shown to reduce environmental
impacts [21,22]. Many plastics are recycled worldwide [23-26], and ongoing evaluations
aim to meet increasing demand for these technologies. While recycled PET has shown
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promise in AM printing [27], its environmental and circularity performance has not yet
been fully explored within a framework integrating recycling and AM for the production
of secondary goods. Emphasizing the need for further research into environmental impact
and circularity, studies on recycled PET also help engage the public in scientific efforts
toward sustainable development.

Given that PET remains one of the primary materials used in polymeric applications,
enhancing its quality and reusability through high-value recovery methods is essential
to increase circularity. Despite the development and implementation of many recycling
initiatives, the lack of systemic integration between recycling practices and emerging
manufacturing technologies that can valorize post-consumer plastics remains a key chal-
lenge. Although several studies have addressed this topic, significant gaps remain in our
knowledge of reverse logistics chains, particularly in open-loop recycling routes, such as
additive manufacturing (AM). This challenge is further compounded by the need to engage
stakeholders across sectors to overcome existing barriers in plastic waste management.
Therefore, adopting approaches that combine environmental, circular, and technical aspects
is crucial to promote cleaner production, as demonstrated in a case study on replacing
virgin polypropylene (PP) with recycled plastic caps [28].

This study presents an additional experiment aligned with this goal, demonstrating a
practical application of consumer product manufacturing through AM using fully recycled
post-consumer PET within an open-loop recycling system. Implementation forms a part of
a reverse logistics chain typical of Brazil, involving coordinated efforts by multiple actors
across various industrial sectors. This system promotes circular economy strategies through
material recovery and technological innovation. Comparative analyses were conducted on
a product made from virgin PET using environmental and circularity assessments. A tech-
nical analysis was also performed, including the characterization of thermal, rheological,
and mechanical properties. Additionally, this study aims to improve plastic supply chain
management and integrate recycling into production through AM, thereby encouraging
the growth of secondary markets for recycled materials.

Background: Life Cycle Assessment: Open-Loop Recycling

According to [29], there are several differences between closed-loop recycling (CLR)
and open-loop recycling (OLR). CLR occurs when a product is recycled back into the same
product system at the end of its life cycle. In contrast, OLR involves recycling a product
that can no longer fulfil its original function to substitute virgin materials in the creation of
new goods [30], often for a purpose different from that of its predecessor.

OLR systems are often associated with the concept of downcycling [29], which refers to
the recovery of waste materials that yield products of inferior quality, reduced functionality,
or less value added than those produced using virgin materials. It is important to emphasize
that processes involving or resulting in downcycling are not exclusive to OLR systems and
may also occur in CLR-class schemes when quality degradation prevents the material from
being reused in its original application [31]. Many studies indicate that OLR primarily
occurs because the loss of product quality prevents materials from being (re)used for their
original purpose after recycling [32]. OLR is influenced by several factors, including shifts
in demand for the primary product, the emergence of new cycles and applications that
require further study, and technical or environmental limitations to maintaining a closed
cycle for a specific product. Due to limited understanding of products and materials,
LCA studies generally favor CLR over OLR, reflecting the common assumption that open
cycles arise solely from downcycling [33]. Consequently, greater the quality degradation of
recycled material, the greater the environmental impact [34]. Both open-loop and closed-
loop recycling contribute to achieving the goals of the circular economy, which aims to
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close material loops. However, their successful adoption depends on the technical and
environmental performance of the products created. In environmental analysis, a safe,
reliable, and conceptually consistent way to measure this effectiveness is to apply the
Life Cycle Assessment (LCA) method to the system under study. LCA considers process
parameters and conditions, the use of materials and energy resources in various forms,
and emissions resulting from human-induced transformation cycles. It also evaluates the
product’s functional characteristics, logistical factors related to the distribution of raw
materials, auxiliary materials, and the final product, and even scenarios for disposal. When
recycling activities are involved, an LCA-based assessment also accounts for effects arising
from interactions between the system being studied and its environment [35].

Modeling an OLR system involves managing multifunctional situations, such as
allocating environmental burdens among its functions. Addressing multifunctionality
within OLR has been widely discussed and debated in recent decades [31,34—41]. The
choice of different methods and practices related to the environmental modeling of OLR
systems, however, can produce varying results, which may significantly impact decision
making processes [42], as reported by [43] in a study of OLR and CLR PET systems, where
the choice of method for allocating recycling burden significantly affected the outcomes.

The treatment of multifunctionalities through allocation in OLR has been applied in
various ways using different methods. The Cut-Off approach assigns all environmental
burdens associated with fulfilling the initial function exclusively to that product system,
while burdens related to material collection, recycling, and final disposal of the secondary
product are fully transferred to subsequent functions. Another method, Quality Loss,
recognizes that virgin material production and waste treatment require upgraded recycling
to preserve function. This method uses quality metrics to distribute environmental impacts
across product life cycles according to their product cascade value [42]. The Cut-Off
and Quality Loss approaches are commonly used in Attributional Life Cycle Assessment
(ALCA) studies [36]. In contrast, the Consequential LCA (CLCA) approach, which does not
limit the system, addresses multifunctionality. For OLR situations, one of the most common
System Expansion techniques is the 50/50 method, which evenly splits burdens between
upstream and downstream functions when recycled materials replace virgin materials and
other recycled materials equally [44].

Using the Cut-Off method to address existing multifunctionalities in OLR systems, as
applied by [45] to assess the impacts of PET and HDPE recycling via LCA, often results in
more environmentally beneficial outcomes than their counterparts that produce single-use
products from virgin materials. However, as the author notes, the choice of method for
managing multifunctional situations in OLR systems must align with the environmental
policy goals of the organizations that oversee them. This caution is warranted because,
despite their methodological robustness, any alternative for distributing environmental
burdens (e.g., Cut-Off, Relative Quality Loss, Allocation to Material Losses, or Allocation to
Virgin Material Use) will influence both the LCA results and subsequent decision making.

In practice, these choices determine how responsibilities and credits are allocated
between producers and recyclers, impact the environmental performance of products made
from these assets, influence regulatory incentives, shape purchasing decisions, and affect
consumer preferences. Therefore, establishing consistent allocation criteria to address the
multifunctionalities of OLR systems is essential for supporting policymakers in designing
effective recycling incentives.

After comparing two sports field drainage systems, including one with conventional
sand and aggregated drainage materials and another with a mixture of OLR plastic waste,
the authors of one study [46] concluded that the system based on recycled material had a
lower impact. Similarly, research evaluating different OLR routes for PET recycling [47]
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has demonstrated reduced impacts on non-renewable energy consumption (40-85%) and
Global Warming Potential (25-75%) compared to virgin alternatives. Despite these ad-
vances, to date, no studies have evaluated OLR sequences for PET intended for high-value
applications, such as additive manufacturing, highlighting a significant gap.

2. Materials and Methods

The study proceeded as follows: (i) defining PET OLR life cycle logic specifications,
including technological and operational aspects of the first and second life processes for
AM of beverage bottles and cell phone holders; (ii) developing characterization scenarios
for each production route; (iii) collecting data on each procedural route’s performance, such
as raw materials, conversion efficiencies, technical coefficients, and related consumption
and emissions; (iv) generating environmental, circularity, and technical assessments of the
studied scenarios; and (v) analyzing the results and providing recommendations, mainly at
the conceptual level, to reduce the impacts of these systems.

2.1. Specification of Production Routes for the PET Life Cycle Associated with an OLR Analysis
2.1.1. Virgin PET Resin Production

PET polymer synthesis involves three main stages: pre-polymerization, polycondensa-
tion, and solid-state polymerization. In the pre-polymerization step, bis-2-hydroxyethyl
terephthalate (BHET), the precursor ester for PET, is produced through the direct esterifica-
tion of purified terephthalic acid (TPA) and monoethylene glycol (MEG). The polymeriza-
tion of TPA and MEG in the liquid phase produces amorphous PET, with water formed
as a byproduct and continuously removed through distillation. The unwanted diethylene
glycol byproduct is minimized by maintaining low [MEG:TPA] molar ratios [48].

PTA is produced through the oxidation of p-xylene combined with acetic acid, and
ethylene glycol is generated from ethylene derived from naphtha in the petrochemical
industry. During the polycondensation step, BHET undergoes pre-polycondensation in
a second reactor under vacuum, followed by polycondensation at higher temperatures.
The final solid-state polymerization (SSP) step increases polymer chain lengths by ap-
plying heat in the absence of oxygen and water, resulting in high-molecular-weight PET
(>30,000 g/mol) [49]. The processes used in the production of virgin PET resin are consid-
ered elementary, as illustrated in Figure 1, which represents the life cycle of this study.

2.1.2. PET Bottle Manufacturing

PET products, such as bottles and packaging, are typically produced through an
injection blow molding process. Processing high-intrinsic-viscosity PET pellets involves
ejector and blower temperatures between 260 and 285 °C, with an average conversion
rate of 98% per kg of polymer. This process uses extrusion to inject the material into a
preformed mold, which is then rapidly cooled to form the preform, reheated, and then
placing it into the bottle mold [50]. Compressed air is then expanded and shaped to match
the preform. The production of labels and caps is excluded from this analysis.

2.1.3. Reverse Logistics and PET Recycling to Resin

Selective collection in Brazilian programs includes two primary methods: door-to-
door and voluntary drop-off points. Brazilian municipal services use collection trucks,
cooperatives, or self-employed collectors for the first method. The second method, wherein
consumers bring recyclables to designated collection points, is less common. The recycling
market involves independent collectors, cooperatives, and medium- to large-scale scrap
dealers [51]. These processes, called “Sorting,” involve collecting various materials, in-
cluding PET, at both levels. This step, which is part of the elementary PET recycling route
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(Figure 1), involves collecting, receiving, and storing, as well as separating and pressing or
baling PET plastics at sorting centers. The primary resources used during this stage are
electricity for sorting machinery and diesel fuel for collection trucks [52].
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Figure 1. Production system for manufacturing a cell phone holder from waste PET bottles.

Mechanical material recycling involves four stages: grinding, washing, extrusion, dry-
ing, and solid-state post-condensation (SSP), along with effluent pre-treatment. According
to interviews and data from a recycling company in Sao Paulo, southeastern Brazil, waste
is only generated during the grinding stage, which is then sent to landfills. The subsequent
steps do not produce waste, but they do generate byproducts, such as unwanted plastic
material, labels, lids, and PET powder. Byproducts, which are mainly generated during the
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first two stages, are reduced to less than 0.5% in the final stage and sold to other markets,
such as the paint industry.

After arriving at the recycling facility, bottle bales undergo both automatic and manual
sorting processes to eliminate undesirable materials, such as other plastics and metals. The
PET bottles are then sorted by color for specific recycling campaigns. During the grinding
process, the bottles are shredded and reduced to flakes. These flakes are then washed to
remove residues, contaminants, and glue from labels. Recycled PET flakes are initially
tested for moisture content, color, and intrinsic viscosity to ensure processability. Next,
drying and extrusion steps eliminate moisture and convert the flakes into pellets suitable
for various industrial uses. Finally, during the SSP step, the material is decontaminated, and
PET molecules are regenerated. After the recycled pellets undergo final inspection of their
intrinsic viscosity and appearance, they are evaluated to ensure that their properties, such
as crystallization and intrinsic viscosity, meet industry standards and market requirements.

Cooling water, electrical energy, and thermal energy—obtained from the combustion
of natural gas and LPG—are used at different stages of the recycling process. Public utilities
supply all of these resources. To meet quality standards suitable for human consumption,
which are also required by small-scale projects like recycling plants, conventional water
treatment includes coagulation, flocculation, decantation, filtration, chlorination for dis-
infection, pH adjustment, and fluoridation. In this study, which took place from 2020 to
2021, the Brazilian electricity matrix primarily consisted of 61% hydroelectric power, 27%
thermoelectric power (including 11% natural gas, 8.7% biomass, 3.1% coal, and 2.3% oil
and its derivatives), approximately 9.7% wind power, and 2.2% nuclear power. Natural gas
demand was primarily met through extraction from offshore gas fields in Brazil (72%) and
supplemented by imports from onshore fields in Bolivia (26%) [53,54]. The LPG used by
the recycling plant was produced in oil refineries or natural gas processing plants. When
derived from crude oil refining, fluid catalytic cracking (FCC) is the most common process-
ing technology [55]. The distances between the bottle collection and storage centers and
the recycling plant were also measured. The facility has a material utilization efficiency of
92-96%. Process waste is primarily discarded in landfills. In this study, waste distribution
logistics were also analyzed.

2.1.4. Manufacturing a Cell Phone Holder Through 3D Printing

Secondary production, labeled “Product manufacturing: Cell phone support” in
Figure 1, involves resin drying, extrusion, creation of recycled PET filaments, filament
drying, and AM production. These stages were characterized using primary data from
measurements taken at the Sinctronics—Green IT Innovation Center laboratory. Recycled
PET filaments were produced from pellets and used as raw material in the AM process.
Filament production was carried out using a mini extruder with an Ax plastic co-rotating
twin-screw, which includes air-cooling, vacuum, and water-cooling systems.

The extruder features six heating zones, each with a temperature of 155 °C, 215 °C,
230 °C, 235 °C, 240 °C, and 250 °C during extrusion. Initial tests determined the optimal
processing range for the equipment. Parameters included a screw feed speed of 8.0 rpm
and a screw speed of 28 rpm. Electricity was the primary resource used during the process,
and no additional materials were needed for filament production. Printing losses, which
made up about 5.0% of the product’s mass, were included in the environmental assessment.
The material went through a two-stage drying process. First, the recycled pellets were dried
at 120 °C for 12 h. Then, the filaments were dried in the extruder at 70 °C for 1 h. A lower
temperature was selected for the second stage because drying above PET’s glass transition
temperature (Tg) was not necessary. Before printing, the material requires additional drying
to remove excess moisture and maintain the quality of the printed product.
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Printing was performed using a GTMAX 3D core AB400 (Fused Deposition Modeling
(FDM) 3D printer) GTMAX 3D®, Americana, Brazil with a single print head and a heated
bed. It is capable of printing objects up to 40 cm x 40 cm x 40 cm. The printing parameters
are summarized in Table 1. Mechanical tensile tests were conducted on specimens measur-
ing 165 mm x 13 mm x 3.2 mm printed in batches of five units, in accordance with ASTM
D638 standards [56]. The cell phone holder and test specimens were designed using Solid-
Works 2021 (Dassault Systemes S.A.). The print settings were configured using Simplify3D
software, version 5.1.2. The printer’s versatility allowed for the examination of mechanical
properties and the production of a cell phone holder using recycled PET filaments.

Table 1. Parameters of the cell phone holder printing process.

Parameters Values
Layer height 0.30 mm
Infill pattern Rectilinear: 45° and (—) 45°
Infill percentage 30%
Bed temperature 70°C
Printing environment 28 °C
Extruder temperature 255-265 °C
Print speed 80 mm/s
Filament diameter 1.74 + 0.50 mm

2.1.5. Use Phase

Virgin PET resin is typically used to make bottles for non-carbonated liquids. The
recycled PET resin from the facility examined in this study is generally used to produce
bottles for the Brazilian market following a closed-loop recycling (CLR) approach, where
the material’s second life closely resembles its original state. Bottles made from recycled
PET also meet food-grade standards because the mechanical recycling facility complies
with Brazilian, Mercosur, and international food-grade regulations (ANVISA and FDA).
Mechanical and chemical tests confirm that recycled PET maintains quality comparable
to virgin PET for this purpose. After production, the virgin PET bottles are transported
for liquid filling, distributed to retail centers, and ultimately consumed. However, the
environmental impacts of these downstream operations were not included in this study
due to a lack of consistent and representative data.

Because this study focuses on evaluating an open-loop recycling (OLR) approach
wherein the recycled material’s second purpose is to produce a different product from its
original use, recycled PET resin from the mechanical recycling process examined through
PET reverse logistics was used to create a standard cell phone holder via Additive Manu-
facturing. This product may have greater market value than bottles. The impacts of this
new function were also excluded from the analysis, as they are minimal. It was further
assumed that logistics distances do not significantly influence the proposed activity and
are therefore reflected in the overall results.

2.1.6. Final Disposal of the Cell Phone Holder

In Brazil, most municipal solid waste, including plastic waste, is sent to sanitary
landfills [57]. Therefore, this study assumed such a scenario for the disposal of cell phone
holders after use. Production of the cell phone holder results in both direct and indirect
air and water emissions. Indirect emissions arise from the raw materials and fuels used to
construct landfills, while direct emissions result from operational activities, such as waste
transportation, disposal, compaction, and emissions generated by the waste itself [58,59].
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2.2. Analysis Dimensions: Technical Performance
2.2.1. Thermal Characterization

Thermal properties were measured using differential scanning calorimetry (DSC) on a
Mettler Toledo DSC Gas Controller 200, Star System device ELTRA GmbH, Haan, Germany.
Two runs were performed on recycled PET samples in pellet, filament, and test specimen
forms inside of an aluminum crucible with a nitrogen flow of 50 mL/min. The first run
was performed at a heating rate of 20 °C/min from 30 °C to 320 °C, while the second run
used a rate of 10 °C/min over the same temperature range. The initial run was designed
to remove any effects from previous heating and cooling cycles the material may have
experienced. Sample crystallization under the three processing conditions was calculated
using Equation (1).

xc = (iﬁ{) x 100% (1)

e  AHf: area under the melting endotherm.
e  AH°: heat of fusion for a 100% crystalline sample (estimated to be 140 J/g for PET).

The degree of crystallinity (xc) is expressed relative to the standard enthalpy of melting
of a 100% crystalline polymer [60]. Thermogravimetric analysis was performed using a
TGA 1 Mettler Toledo Star System, ELTRA GmbH, Haan, Germany. Experiments were
conducted in an alumina crucible under a nitrogen atmosphere flowing at 250 mL/min
with a heating period of 20 min from 30 °C to 600 °C for recycled PET samples in the form
of pellets, filaments, and test specimens.

2.2.2. Rheological Characterization

The rheological properties of the obtained material were assessed using the intrinsic
viscosity (1) test to evaluate how different processing treatments during additive man-
ufacturing (AM) affect material behavior and degradation processes. This analysis was
performed following ASTM D4603-03 guidelines [61] in a phenol/1,1,2,2-tetrachloroethane
solution [60:40] w/w at 30 °C, utilizing a Ubbelohde capillary viscometer for clear liquids,
size 1B—series 32660, connected to a thermostatic bath (Q303SR26 Quimis) for kinematic
viscosity measurements. According to [62], PET from beverage and oil packaging typically
has an intrinsic viscosity of 0.70-0.79 dL/g. However, viscosity decreases with increasing
temperature and humidity, and these factors accelerate chain scission and affect the mate-
rial’s fluidity. As such, drying was performed in ovens to achieve adequate dehydration
and to prevent these conditions from affecting the analysis and the results.

2.2.3. Mechanical Characterization

Mechanical tensile tests were performed using an Instron 3366 machine, ChiuVention®,
Shimei, China with a load capacity of 10 kN at a rate of 50 mm/min and a vertical testing
space of 1193 mm, in accordance with the ASTM D638 standard. The Tensile Strength
Limit (TSL) test, which measures traction until failure, was conducted on five samples, as
recommended by the standard.

2.3. Analysis Dimensions: Environmental Performance Based on LCA Diagnosis

An LCA was conducted using three different conceptual approaches to allocate envi-
ronmental burdens in an OLR-type system: the Cut-Off, Quality Loss, and 50/50 approaches.
The first two approaches are associated with attributional environmental modeling, while
the third follows a consequential framework. ISO standards [30] were followed within a
“cradle-to-grave” framework. The Reference Flow (RF) was defined as “manufacture one
cell phone support unit (31.38 g).” To model the open-cycle system, three bottles, each with
a 600 mL volume and a total mass of mt = 80.62 g, were used as the primary consumer
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goods [3]. This amount is necessary to produce the cell phone holder without material
shortages, accounting for all losses throughout the life cycle.

Technological coverage, considering the operational PET material life cycle constraints
discussed in Section 1, applies the OLR scheme to produce two consumer goods in se-
ries. The geographic scope for data collection was limited to Brazilian territory, and the
timeframe covered the years 2020-2021.

Primary data were used to describe the foreground consumption and emissions
related to obtaining resin from recycled PET bottles, filament production, and additive
manufacturing (AM) of the product. These data were collected from industrial partners.
Secondary data from the Ecoinvent® v3.8 database were employed to model background
processes, including the production of chemical compounds and the generation of thermal
and electrical energy. The Ecoinvent database was also used to determine the environmental
impacts associated with virgin PET polymer production, bottle manufacturing, material
sorting as a pre-recycling step, and final sanitary landfill disposal.

The original datasets were refined by incorporating regional environmental param-
eters that reflect Brazilian conditions to achieve a more accurate representation of the
system. Adjustments were based on the scientific literature, technical manuals, and official
documents, particularly regarding regionalized electricity and thermal energy generation
and representative technological processes. Table 2 presents the data sources and key
assumptions used to compile the Life Cycle Inventory (LCI) from both foreground and
background data, which are reported at an aggregated level. After integrating and com-
pleting the customized dataset for the entire product system, material and energy balances
were applied to harmonize the inventory and reduce inconsistencies among data sources.

The Life Cycle Impact Assessment (LCIA) was performed for the following impact
categories: Global Warming Potential (GWP), Primary Energy Demand (PED), Terrestrial
Acidification (TAc), and Water Scarcity (WS). The GWP was calculated using the method
proposed by the Intergovernmental Panel on Climate Change (IPCC) version 1.03 for
a 100-year time horizon [63]. This category is a significant environmental concern due
to the rising concentrations of atmospheric greenhouse gases, including fossil-derived
CO; and CHy. This study highlights Global Warming Potential (GWP) in assessing the
environmental performance of the analyzed systems by considering emissions of these
compounds during recycling, manufacturing, and logistics processes.

Energy resource consumption was measured in terms of PED using the Cumulative
Energy Demand (CED) v.1.11 method [64]. The product’s PED includes both direct and
indirect energy use throughout its life cycle, covering the total primary energy consumed
from resource extraction to product disposal. The estimate also considers primary raw and
auxiliary material energies. PED was selected as the environmental impact profile because
of the energy-intensive processes involved in converting recycled PET into new products
through additive manufacturing (AM).

Table 2. Data sources and considerations applied to the Life Cycle Inventory of this study.

Data Sources Comments

Virgin PET resin

production [48] Adapted to Brazilian conditions

Country-specific; Brazilian electricity mix
(2020-2021): hydroelectric, 61%; natural gas,

Grid electricity [53,54] 11%; wind, 9.7%; biomass, 8.7%; coal, 3.1%;
nuclear, 2.2%; oil and derivatives, 2.3%;
solar, 2.0%
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Table 2. Cont.

Data

Sources Comments

Country-specific energy profiles; NG

Natural gas (NG) adaptations were conducted based on a

production and [55,65-67] model that considers Brazilian and Bolivian

combustion, LPG, fuel oil productions at a 72:26 ratio
(offshore/onshore)

PET manufacturing bottles [48,50] Adapted to Brazilian conditions

Data and information on how these processes
take place in Brazil were used to bring them

Chemical production [68] closer to that reality, with changes in utility
consumption (electricity, NG, and diesel)
7.5-16 lorry, EURO 4, for road transportation;
[52,55,69] country-specific procedural and
Transportation Other distances obtained from PET technological requirements were considered
recycled pellet producers for the diesel consumed during
transportation
[70] The sorting process was adapted to Brazilian
PET sorting and recycling Recycling processes from a recycled conditions; site-specific recycling process
pellet PET producer (from 2020 and 2021)
Recycled PET filament manufacturing Obtained from a pilot study . o
and cell phone holder production conducted by a company Site-specific (from 2020 and 2021)
Waste management: sanitary landfilling [70] Adapted to Brazilian conditions

(4.0-8.0%)

The TAc explains environmental effects in terms of loss of plant species due to lowered
soil pH. The primary focus of this modeling is potentially extinct vascular plants across
different ecosystems. The impact factors are designed to assess how [H+] affects these
species in temperate broadleaf forests, tundra, and (sub)tropical moist broadleaf forests. The
cause-and-effect chain starts with emissions of SO, and NOy from combustion in stationary
sources, such as boilers and furnaces, or from diesel- and gasoline-fueled transportation.
These oxidized compounds combine with moisture in the air to form weak acids, which
release H+ ions upon ionization. The hydrogen ions then react with rainwater, lowering its
acidity to pH < 5, a condition known as acid rain [71,72].

Finally, the Water Scarcity (WS) indicator considers both direct and indirect water use,
including local and regional resource availability. Direct water use refers to the volume
physically consumed in processes like PET washing and cooling, while indirect water use
describes the embedded water associated with upstream activities, including electricity
and heat generation used in background processes. This category is particularly relevant
in this study given the significant amount of water consumed during PET cleaning and
the heat supply required for endothermic reactions [73]. Both TAc and WS indicators
were evaluated using ReCiPe 2016 Midpoint (H) v.1.01 [70] and SimaPro v.9.0.1 software
(Pré Sustainability®, The Netherlands).

Because the multifunctional treatment method can significantly impact LCA results,
alternatives and associated systems (Figure 2) are summarized below.

o Cut-Off method: The environmental performance of the cell phone holder was evaluated
based on the collection of PET bottles used in its manufacturing (Figure 2A);

e Quality Loss method: The environmental performance of the cell phone holder was eval-
uated based on the production of the virgin PET resin used in the bottles (Figure 2B).
According to this approach, environmental burdens occur during the common stages
of systems ST1 and ST2 during the production of virgin PET resin, recycling, and
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final disposal. Intrinsic viscosity was chosen as the allocation criterion because it can
simultaneously reflect the material’s melting point, crystallinity, and tensile strength.
The (n) parameter is used to evaluate PET quality given its lower volatility and fewer
uncertainties compared to economic criteria. The calculation of (1) is detailed in
Section 3.1.2.

e 50/50 method: This method is a System Expansion option for addressing multifunc-
tional situations in Consequential LCA. It equally allocates all environmental burdens
between systems ST1 and ST2 (Figure 2C).

(A): ST1 with allocation by Cut-off method (B): ST1 with allocation by Quality loss method

System 1 System 1
Production 1:

S— - Usel - i Production1: .
Virgin PET resin Bottles e Virgin PET resin —P@—b Bottles Usel

|
©« X . l

D
System 2 v System 2
A 4 )
Production 2: : Production 2: Landfill
PET Cellphone  Hp@O»| Usez [ Lendill PETrecyclng (PO Celiphone (O vse2 O LI
recycling Disposal support 1sposa
support 144
\ y ;
(C): ST1 with System Expansion by 50/50 method (D): ST2 with No Recycling
- ~ r N
Product system : Bottle
System 1
Virgin Production1: _’®_’ Use _,@_’ Landfill
Virgin PET ® > Production 1: > ® > & PET resin ) @ Bottles Disposal
resin Bottles Hsel
T \
h D ] +
System 2 -
A 4 Production 2: =y Product system : Cell phone holder
recvch Cellph Use2 i
PET recycling ?@V elip ":9 ’@’ se 0 Disposal Virgin PET Production 2: : Landfill
suppor 7l _’<: }.p Cell phone ._><: )—b Use -ﬂ: H Disposal
' v support

4mmm System expansion @ Transport

Figure 2. System ST1: Open-loop recycling (OLR) scenario, illustrating an OLR setup for producing
consumer goods. Product 1: bottles. Product 2: cell phone holder. Three methods considered
to handle multifunctionality situations: (A) Cut-Off; (B) Quality Loss; and (C) 50/50. (D) System
ST2: No recycling scenario, depicting product systems produced without recycling. Product 1: bottles.
Product 2: cell phone holder.

The effects of each method were compared with one another and to a scheme in which
the cell phone holder is produced without recycling using virgin PET resin. In this case,
each product’s life cycle includes the manufacturing chain, product use, and final landfill
disposal (Figure 2D). The environmental impacts of each scheme were compared with those
of an OLR process. Mobile holder production using virgin PET resin was not modeled or
verified through experimental tests; therefore, it was evaluated using only secondary data.
In addition, we assumed that the mobile phone holder could be obtained through AM,
fulfilling its intended function with the same effectiveness as other alternatives.

2.4. Analysis Dimensions: Circularity Performance—The MCI Index

As noted, the MCI was used to assess the circularity performance of the cell phone
holder made from recycled PET. This index integrates three main product features: (i) the
weight of the raw virgin material used in manufacturing, (ii) the weight of non-recoverable
waste attributed to the product, which refers to the portion of material ultimately discarded
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in landfills and excluded from future cycles, and (iii) the product’s lifespan, a utilization
factor based on how long and intensely the consumer good is used.

The MCI spans two extremes: the Linear Economic Model, which includes products
made from virgin materials discarded in landfills, and the Circular Economic Model, which
uses recycled materials and aims for 100% recycling or reuse. This conceptual framework
helps analyze the shift between these models, with values ranging from 0.0 (Linear) to
1.0 (Circular).

Some assumptions of the MCI can limit its usefulness, as they do not accurately
reflect real-world conditions. One key limitation is that this metric does not assess the
quality of recycled products and assumes that the quality of recovered post-consumer
material is equivalent to that of virgin material, with no losses during preparation for
reuse or recycling. To address this limitation, this study incorporated results from technical
analyses of intrinsic viscosity, thermal stability, and mechanical performance as supporting
indicators to assess the quality of the recycled material.

However, combining the MCI with other environmental performance indicators, such
as those from the LCA, enables strategic decision making for CE projects and helps guide
efforts toward improved product and process performance across various environmental
aspects. Examples of successful integration include a study on the closed-loop recycling of
plastic bottles in the US PET market. The same complementary CEI and LCA analysis has
been applied in other cases of plastic waste recycling. For example, ref. [74] investigated
circular economy models within the European plastic packaging value chain to develop
optimization models that maximize environmental benefits and circularity, while ref. [10]
analyzed three-layer plastic packaging in two end-of-life scenarios. Another study used the
MCT to evaluate the circularity of recycled PLA filaments for 3D printing [75] to produce
protective masks for use during the COVID-19 pandemic, a higher-value application.
Although the results showed a high circularity rate for the final product, the authors noted
that the analysis needed improvement, particularly given that the MCI evaluated the
quality of the parts only indirectly based on the literature, without performing direct tests.

3. Results

3.1. Technical Analyses
3.1.1. Thermal Analysis

Figure 3 shows the sample characterization results from different processing stages
using DSC and TGA, which illustrate the thermal behavior of the material in pellet, filament,
and 3D-printed forms. The DSC analysis of the second round of heating (Figure 3A and
Table 3) yielded very similar curves and parameters related to the glass transition tempera-
ture (Tg) for the three samples, ranging from 86 to 88 °C, as well as a melting temperature
(Tm) between 246 and 248 °C and a material fusion enthalpy between 48 and 56 ] /g. The
crystallinity of the PET polymer in the three samples was assessed by analyzing the en-
thalpies. Although minor variations in temperature and crystallinity suggest a decrease in
molar mass across processing stages, the material demonstrated good thermal stability.

Table 3. Thermal properties of the analyzed material in pellet, filament, and specimen form during
different processing steps.

TGA DSC
Sample
Touset (°C)  Residual Mass (%) Timax (°C) T¢ (°C) T (°C) AHy (J/g) X (%)
Pellet 391 212 481 86.0 246 55.4 39.6
Filament 398 20.1 493 87.1 248 48.2 34.5
Specimen 395 18.8 491 87.7 248 50.1 35.8
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Figure 3. Results of technical performance tests on recycled material after different processes (pelleti-
zation, filament formation, and specimen conformation). (A) Representative differential scanning
calorimetry curves and (B) thermogravimetric analysis curves.

Regarding the TGA (Figure 3B; Table 3), samples showed nearly overlapping curves
and a single degradation event, indicating the presence of only one type of polymer and
no significant volatile contaminants. Onset of degradation for the PET samples occurred
between 391 and 395 °C (the onset temperature) under all three conditions, and degradation
was completed between 480 and 495 °C.

The thermal evaluation focused on the onset of degradation and the stability of the
melting temperature, rather than just temperature tolerance. This approach provides a
more accurate indication of the polymer’s suitability for additive manufacturing (AM).

Slightly better thermal stability was seen in the filament and specimen samples. These
samples had a residual mass of 18-22%, indicating the presence of additives or inorganic
polymer fillers from previous production runs.

These values match those reported for recycled PET filaments [27]. Based on these
results, the extrusion temperatures used for filament production (230-245 °C) and object
printing (255-265 °C) did not cause significant thermal degradation of the polymer, as
shown by the consistent thermal stability across all samples (Tonget)-

3.1.2. Rheological Analysis

The results for intrinsic viscosity and molar mass are shown in Table 4. Viscosity
dropped by 17% during the initial transformation from recycled PET pellet resin to filament
for additive manufacturing and by 7.0% in the final processing stage when converting the
filament into the final product. These decreases indicate material degradation caused by
chemical exposure (moisture, oxygen, salts), mechanical stress, and thermal processing. The
polymer experiences varying shear stresses at different temperatures, which break polymer
chains, leading to lower molar masses and, consequently, reduced intrinsic viscosity.

Table 4. Intrinsic viscosities (1) and molar masses (Mn) of the material during different
processing stages.

Sample n (dL/g) Mn (g/mol)
Pellet 0.803 £ 0.002 23 467
Filament 0.667 £ 0.002 17 633

Specimen 0.622 £ 0.003 15835
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According to the Berkowitz equation (Equation (2)), the average numerical molar
mass (Mn) is derived from the intrinsic viscosity () [76]. The Berkowitz equation has
been validated for 2000 < 1 (g/mol) < 200,000 based on measurements of intrinsic viscosity,
consistent with the range used in this study [62].

Mn = 3.29 x 10* (n'%%) 2)

The decrease in intrinsic viscosity (1) and number-average molecular weight (Mn)
did not affect material layer deposition during printing, and fluidity was confirmed to be
suitable for producing the specimens and the cell phone holder. Additionally, secondary
additive manufacturing may be more advantageous, supporting higher proportions of
recycled materials than traditional plastic processes, such as injection-blow molding, which
require high intrinsic viscosity (n > 0.80 dL/g) [77]. Values close to this reference were
considered for performance and flowability evaluation.

The AM process seems less sensitive to material conditions, with lower shear stresses,
enabling the use of lower viscosities. For example, neat rPET can reach an IV as low
as 0.51 dL/g after multiple regranulation steps during filament manufacturing, and a
reduction of 0.04 dL/g can occur during printing, also reported by [78]. Future tests related
to specific applications may further validate these findings.

In this evaluation, satisfactory product quality was achieved only with recycled mate-
rials. Although no chemical additives were incorporated into the final product formulation,
future studies could explore the use of green additives in a design-for-recycling approach,
such as chain extenders or compatibilizers, to increase recyclability and evaluate different
sources of recycled PET. These additives could potentially improve recycling rates not
only for PET resins but also for other polymers. Therefore, additive manufacturing can
support future recycling efforts by improving material separation and promoting circularity
through recyclable design strategies, which is a key factor in achieving this goal.

The SSP stage of the PET recycling process greatly influenced the properties and
uniformity of the post-consumer recycled material, producing higher-quality recycled
pellets with an (¢) value greater than 0.80 dL/g, which positively impacted subsequent
filament processing. Other authors have also highlighted the importance of SSP in bottle-to-
bottle recycling processes, demonstrating its role in preserving the quality of recycled PET
through multiple cycles. One study demonstrated that the final product quality was not
compromised even after multiple recycling cycles, with eleven recycling cycles performed
at a 75% recycled PET and 25% virgin PET ratio [78]. In this context, SSP may be necessary
to produce a higher-quality product suitable for various applications through AM.

3.1.3. Mechanical Testing

Mechanical properties were analyzed through tensile testing. Tensile strength, elastic
modulus, and deformation until rupture of the printed specimens are shown in Table 5
and Figure 4A. Figure 4B displays the printed specimens, while Figure 4C shows the side
and front views of the specimen after tensile testing, highlighting the layer-by-layer filling.
The tensile strength and deformation until rupture values resemble those reported in the
literature for the same type of manufacturing process. The most notable variation was in
the elastic modulus, which, even within the margin of error, did not match observations by
other authors [27].

The mechanical performance results align with literature reports for 3D-printed ob-
jects made from recycled polymers, including recycled PET, as well as injection-molded
specimens (produced through conventional manufacturing) and those made with other
materials, such as ABS, which is more frequently used in additive manufacturing [79-81].
All tests demonstrated tensile strength and elongation at break values comparable to those
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reported in the literature. Additionally, ref. [80] used ABS in the exact location under identi-
cal filament production and printing conditions, reducing discrepancies and uncertainties,
as equipment and processing conditions could vary greatly and influence outcomes. Fur-
thermore, the cell phone holder produced using the same printing parameters as the test
specimens functioned properly without any issues.

Table 5. Mechanical properties of the printed recycled PET.

Tensile Strength .. Elongation
Analysis at Yield Elasticity Modulus at Yield
(MPa) (MPa) (%)
Samples 37.7 £5.60 771 £29.4 7.64 +1.50

Figure 4. Images of tensile tests performed on specimens produced via 3D printing. (A) Tensile
testing, (B) 3D-printed tensile specimen, and (C) a lateral view of the breaks suffered by the printed
parts during the tensile test.

Figure 4A shows the recycled PET filament created as the raw material for AM con-
sumer goods production (Figure 4B). If this material /processing setup were to be further
refined, it could expand applications beyond the proposed cell phone holder into different
fields, opening new opportunities for the recycling market, especially in open cycles with
higher added-value applications.

Although this study did not aim to compare conventional and AM technologies, better
performance might be expected when producing products with rPET filaments, which is de-
rived from recycled materials and commonly used in additive manufacturing, compared to
traditional products. This is because the material is not evenly dispersed during 3D printing
due to layer-by-layer deposition, which encourages the formation of interconnection voids.
The superior mechanical properties of traditional manufacturing compared to additive
manufacturing should be evaluated based on specific needs and conditions, as both have
technical limitations, costs, and availability issues, along with different environmental
impacts. These trade-offs require careful evaluation and consideration.



Sustainability 2025, 17, 10068

17 of 30

3.2. Environmental Analysis

The environmental performance results for the cell phone holder produced under the
OLR arrangement (i.e., additive manufacturing) are shown in Table 6, allowing for com-
parison with similar results from the conventional system (5T2), which does not consider
recycling. Regarding multifunctionality, the OLR cases were analyzed using Cut-Off (ST1A)
and Quality Loss (ST1B) methods specifically designed for this purpose. As previously
mentioned, these two approaches reflect different ways of distributing the environmental
burdens generated by an OLR scheme. The Cut-Off method excludes impacts from the
previous life cycle (ST1A), while the Quality Loss method (ST1B) incorporates quality as a
criterion for partitioning. Additional details on this methodological setup are discussed in
Section 2.3. Furthermore, the mathematical equation used in the Quality Loss approach
is described in Table 8 (Equations (3) and (4)), both in a general form and as an applied
example specific to the circumstances of this study.

Table 6. Environmental performance of cell phone holder production without recycling and with
open-loop recycling using ALCA methods.

No Recycling OLR
Environmental Unit .
Category (/FU) Cell Phone Holder Total Cut-Off  Quality Loss
Production (ST2) (ST1+ST2)  (ST1A) (ST1B)
GWP g COs¢q 420 640 354 552
PED M] 16.3 23.6 13.7 20.5
WS L 5.48 9.44 5.10 8.27
TAc g 502¢q 18.5 39.7 18.8 31.8
NEIgwp - 1.00 1.00 0.84 0.86
NEIpgp - 1.00 1.00 0.84 0.87
NEIwys - 1.00 1.00 0.93 0.88
NEI7s. - 1.00 1.00 1.02 0.80
SI; - 4.00 4.00 3.63 3.41
NSI; - 1.00 1.00 0.91 0.85

Table 7 presents the LCA results using the consequential modeling approach, where
the 50/50 method was employed as an alternative to System Expansion to address multi-
functionality in the OLR scenario. Because the methodological assumptions differ between
attributional and consequential modeling, the results are not directly comparable and
are therefore presented separately, not only for clarity but also to guide the discussions
that follow.

Single normalized performance indicators (NSI;) were also calculated for each sit-
uation. To this end, the system without recycling was selected as the reference for the
calculated estimates. The results of the individualized impacts per category were divided by
themselves, producing unit and dimensionless values (NEI;), where (j) represents each im-
pact category. These indicators were then summed up to create a cumulative performance
indicator (SI;), which resulted in the (NSI;) when divided by itself.

The OLR system’s logic was similar, although the contributions of each impact category
obtained by applying the Cut-Off method were divided by their counterparts only for the
cell phone holder (ST2). Conversely, the values calculated using the Quality Loss method
were normalized relative to the total impacts of both systems (ST1 + ST2), as the Cut-Off
approach does not account for burdens from the first life cycle, whereas the Quality Loss
method does.

The overall environmental performance results were analyzed to assess the environ-
mental impact of producing the same product using virgin resin. Although non-recycled
materials may have slightly better mechanical properties, as documented in the literature
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and discussed earlier, recycled PET creates cell phone holders with adequate performance
to serve their intended purpose. Additionally, this option offers significant environmental
benefits compared to its counterpart made using conventional processes and virgin resin.
Practically, it reduces raw material use and waste disposal while maintaining acceptable
technical performance. Moreover, the recycled materials market has grown considerably
over the past decade, especially for PET, leading to higher manufacturing efficiency and,
as a result, lower production costs than when these practices first began. Therefore, the
recycling route for manufacturing cell phone holders was compared with the non-recycling
route, considering only operations carried out in ST2.

Table 7. Environmental performance of cell phone holder production without recycling and with
open-loop recycling using CLCA methods.

No Recycling OLR
Environmental Unit Total 50/50
Catego (/FU) ota
gory (ST1 + ST2) (ST1C)
GWP g COz¢q 656 02
PED MJ 24.0 20.7
WS L 11.2 9.92
Tac g SO, eq 2.81 2.61
NEIgwp - 1.00 0.86
NEIpgp - 1.00 0.86
NElys _ 1.00 0.88
NEItsc - 1.00 0.93
SI, _ 4.00 3.53
NSI, _ 1.00 0.88

For the environmental evaluation using the Quality Loss method, an allocation factor
(Qj) was required, represented by the intrinsic viscosity (1) (Section 3.1.2). The (1) values
for the bottles were 0.78 <1 (dL/g) < 0.85 [7,28]. Therefore, the average value within this
range (n = 0.815 dL/g) was chosen to define the parameter. For the cell phone holder, the
experimentally measured (n value was 0.622 dL/g (Table 4). Subsequently, the environ-
mental burdens of the standard parts of both systems were multiplied by this factor, as
shown in Table 8.

Table 8. Allocation modeling factor via the Quality Loss method.

Consumed Good Equation 7 Values
(g 0.815
Bottles 0 = (m +1,72> 3) (m)
— 0.622
Cell phone holder Q= ( 11112172 ) ) <O.8156m>

The GWP showed the greatest reduction compared to the baseline scenario, while WS
and TAc had minimal impacts. A comparison using unique indicators suggests that the
OLR route is superior to a route that ignores recycling in terms of Life Cycle Assessment
(LCA), regardless of the treatment method for multifunctional situations.

The Cut-Off perspective is the most common approach to handling multifunctional
situations resulting from OLR, mainly due to its simplicity and the lack of data from
cycles before or after those analyzed. This method provides a focused view of the product,
making it easier to identify areas for improvement and promote targeted actions, especially
for company-designed studies. However, a more detailed approach may be necessary to
identify environmental gaps beyond the life cycle, particularly concerning consumption
and emissions across shared cycles, as a product’s function gradually changes through
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increasingly circular practices. This perspective is increasingly important with advances in
plastic recycling technologies, which improve recyclability.

Conversely, environmental assessments based on the Quality Loss method can offer a
more systemic view by linking consumption and emission burdens shared between two
products. In this case, using an economic criterion to allocate environmental burdens would
be inappropriate because it would not reflect the added value of the secondary product
(the cell phone holder) after recycling, which is much higher than that of the primary
product (bottles). As such, ref. [82] proposed a method to measure quality loss applicable
to both closed-loop and OLR systems considering upcycling and downcycling, aiming to
overcome limitations related to environmental load distribution. The adaptation proposed
by [44], which utilizes a physical criterion, such as intrinsic viscosity, to correlate quality
loss, proved suitable for this study, as it effectively connects quality loss across product
cycles. Therefore, the environmental evaluation employed here can lead to a more accurate
treatment of multifunctionality by using a key parameter in the PET resin market to ensure
consistent production quality.

The 50/50 method suggests that maintaining a balance between the supply and de-
mand of recycled materials is crucial for effective recycling. Thus, using recycled inputs
and producing recyclable products is preferable when the environmental impacts of recy-
cling are lower than the combined impacts of virgin material production and final waste
treatment [42].

However, because this study focused on analyzing the OLR logic for only two cycles,
some adjustments were made to distribute burdens between ST1 and ST2, ensuring an
equal share of common burdens (such as virgin material production, waste treatment, and
recycling). The typical burdens of each system, including the manufacturing processes for
each product, remained assigned to their respective systems.

Although comparisons of the results of different methodological approaches are not
recommended, values for various impact categories differ due to environmental modeling
peculiarities, particularly in the case of CLCA. However, the conclusion remains consistent,
indicating an improvement in environmental performance across methodological scenarios
when considering recycling. Additionally, the single indicator showed a similar percentage
of gain across the three analyses, with a 12% reduction for the recycling scenario compared
to ST2 (no recycling). Therefore, methodological differences did not produce significant
changes that could influence decision making around material choices in the production of
consumer goods through AM.

The GWP significantly contributed to the steps directly involved in cell phone holder
production, including drying, filament production, and 3D printing, in both OLR and
virgin PET resin routes. This stage, common to all ST2 configurations, carries signifi-
cant environmental burdens. Additionally, AM technology heavily relies on electricity
(1.17 kWh/REF), thereby contributing more to the evaluated routes given the low mass of
the product produced through an electricity-intensive process.

Given the functional unit-driven difference, the impacts related to the OLR systems’
PET recycling stage are not significant. However, the main contributors to impact are
electricity use, mainly for sorting and recycling, and thermal energy, specifically natural gas
used in recycling processes. Emissions from transportation, particularly during material
sorting at the end of the product’s first life cycle, account for 3.7% of the total ST2 value.
This is expected, as the trip between these locations can be up to 2000 km in the Brazilian
context, as recycling centers are mainly located in the southeast and the south. Therefore,
materials are transported long distances from the north and the northeast for recycling,
which increases emissions from diesel combustion.
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For ST1, regarding the PET bottle’s life cycle, the main contributor is the production of
xylene and ethylene, both of which are precursors to virgin PET resin. Other significant
sources include electricity and thermal energy used during bottle manufacturing. Addi-
tionally, a noteworthy byproduct of PET recycling is PET powder produced during milling.
This byproduct can be used as a substitute for phthalic anhydride, a precursor in alkyd
resin production, and as an ingredient in alkyd paint formulations.

Exploring the impacts of phthalic anhydride becomes essential when the 50/50 method
addresses multifunctionality, as this compound offsets 3.45 g CO; ¢q/RF. This mitigated
approach affects natural gas and electricity and, notably, the demand for xylene, a fossil-
derived input. While relatively small on a global scale, this feature is interesting when
considering the CLCA approach, and System Expansion practices in turn impact peripheral
systems, influencing their markets [83].

TAc’s impacts mainly stem from two pollutants, SO, and NOx. The analysis in this
study primarily focuses on xylene and ethylene production processes, as well as coal
combustion for electricity generation, which is used in the production of virgin PET resin.

Regarding PED impacts, non-renewable fossil (NRF), renewable water (RWA), and
renewable biomass (RB) subcategories were the main contributors. NRF’s impacts result
from the production of xylene and ethylene for virgin PET resin, as well as the use of
natural gas for thermal needs, which are essential for both the production of virgin resin
and bottle manufacturing. The previously observed trend in the share of each system for
each method remains consistent in this category. For ST2, RWA contributions were the
highest across different techniques, primarily due to the influence of the Brazilian electricity
grid on electricity consumption.

For ST2, TAc’s contributions stem from the significant influence of electricity on cellu-
lar holder manufacturing. The coal and diesel used in thermoelectric power plants (which
account for 3.1% of the Brazilian grid) are major sources of these pollutants. Burning sugar-
cane biomass for electricity generation (8.7% of the Brazilian grid) also impacts emissions
due to gaseous ammonia (NHj(g)), another important TAc pollutant. Transportation within
the evaluated product system is also a major source of these precursors.

Regarding the CLCA analysis using the 50/50 method, palladium mining processes
are multifunctional [84], stemming from the production of this metal. Extraction of 1.0 g of
Pd results in 4.38 kg of Cu, 3.16 kg of Ni (95% w/w), 343 mg of Pt, and 27.4 mg of Rh in
Russian mines, which are the world’s largest Pd producers [84]. This process significantly
impacts the environment due to its high energy consumption, including 36 MWh per kg of
Pd in electrical energy used by diesel generators and 169 GJ per kg of thermal energy from
fossil fuel combustion.

Marginal processes for extracting these metals were identified, and their environmental
impacts were assessed during the extraction process. As a result, this contribution reduced
impacts across all categories, mainly affecting TAc’s impacts. Regarding PED, there should
be no emphasis on multifunctional scenarios related to System Expansion in terms of
environmental burden compensation.

The Water Scarcity category is expressed through water footprints, which measure the
direct and indirect environmental impacts of water demand throughout a product’s life
cycle. The trend remains consistent for this category among ALCA methods, with an even
greater balance in the load shares between the two systems. The contribution profile for ST1
was linked to assets like xylene, ethylene, and other precursors of PET resin production,
including PTA. The bottle manufacturing process also appears to be a significant source
of water use, primarily due to the need for cooling equipment. The processes comprising
ST2 mostly involve electricity consumption from sugarcane production irrigation, which is
later used in bagasse transformation.
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A negative aspect of accounting for effluent treatment charges was observed with
the 50/50 method for process contributions, particularly concerning the overall burden
count. This method is essential because it includes multiple inputs, with different marginal
processes at various levels within the production chain of virgin PET resin, bottle manu-
facturing, recycling, and overall electricity generation contributing to effluent production
and, consequently, the need for treatment by the relevant system. These issues were also
addressed through System Expansion. According to studies guiding the development of
the WS method [73], water treatment can help address Water Scarcity, which has been
previously caused by the demand for water during essential processes. In other words,
liters of water are considered saved due to treated water, enabling the recovery of water’s
functionality and its availability for other necessary and water-dependent activities, and
there is no need for additional water extraction. This practice provides environmental
compensation. Studies like those carried out by [81] suggest that application scales have
a significant effect on environmental impacts. For example, additive technology leads
to lower environmental impacts than traditional manufacturing methods, such as injec-
tion molding, when producing batches of fewer than 14 parts. However, for batch sizes
exceeding 50 parts, the injection molding process yields lower GWP and CED impacts.

As previously discussed, electricity is the leading direct source of contributions for
GWP and PED, accounting for over 60% of each of their total impacts. Electricity also
indirectly influences the results of WS and TAc through the background effects of the
Brazilian power grid. Electricity therefore imposes significant environmental restrictions
on the OLR configuration used to produce cell phone holders via AM. This finding led
to a prospective influence analysis, which involved implementing a proposal to reduce
its effects on the system. To achieve this, an alternative scenario replaced the use of the
national power grid with photovoltaic electricity generation—a source that, at least in
theory, has a minor impact on the categories under analysis—to meet the demand of the
cell phone holder manufacturing unit. This condition was tested using the attributional
and consequential approaches examined in this study. It is important to note that the other
stages making up this OLR system continued to be powered by the Brazilian electricity
grid of 20202021 [54,55].

The results were normalized for both the original and alternative scenarios. The virgin
source route was once again used as the baseline for the composition of the single indicator.

Impact reductions were observed across all evaluated categories following the ALCA
approach, as depicted in Figure 5, via the Cut-Off method. Photovoltaic electricity
contributes even more significantly, with an overall reduction of 57% compared to the
baseline scenario without recycling and 48% relative to the case study. These find-
ings indicate that adopting a low-impact source to address PED and TAc contributions
could be advantageous.

Figure 6 illustrates that the same applies to the consequential approach using the
50/50 method, which also resulted in improvements across all evaluated categories. An-
other essential consideration that differs from the ALCA relates to the extent of impact
reduction, which was less significant for GWP, PED, and TAc in this case. This underscores
the methodological differences between the two approaches. Despite this, the proposal
focusing on electricity use through renewable options, especially solar power, could achieve
even greater OLR reductions in the environmental impact categories studied compared to
production that uses no recycled material.
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Figure 5. Environmental performance of the proposed improvement scenarios concerning the ALCA
OLR Cut-Off perspective.
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Figure 6. Environmental performance of the proposed improvement scenarios concerning the CLCA
OLR 50/50 perspective.

3.3. Circularity Analysis

Figure 7 shows the circularity results based on the MCI. An MCI of 0.55 was obtained
for the baseline, which is considered moderate in terms of circularity, mainly due to the
percentage of the collected product intended for recycling, assuming it would be reused or
recycled after its useful life. This baseline was used to ensure consistency in environmental
LCA performance by applying the OLR logic only once, allowing for a comprehensive
assessment of all stages in this cradle-to-grave process, with final landfill disposal being
the last stage. The cell phone holder produced, as a mono-material, facilitates sorting
and recycling, and additive manufacturing (AM) offers a clear advantage by enabling
production using a single material. Moreover, the percentage of recycled material in the
product had a significant impact on this result, with Fr = 100%, indicating that the holder
was made entirely from recycled material.
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Figure 7. MCI results for scenarios baseline and S1-S5.

The results also showed that the circularity potential, measured by the MCI, was
directly related to the use of materials from repurposing (reuse, recycling, and revaloriza-
tion) and their retention in the Technosphere as inputs in successive cycles without being
released into the environment. The method used to estimate the MCI of materials helps
assess circularity because of its simplicity and practical application. However, it also has
limitations, such as the previously mentioned inability to evaluate the quality of the recy-
cled product and, therefore, to account for factors affecting the material’s performance in
its intended role, even if it functions as a production good in that process.

In this context, a more comprehensive evaluation should include factors beyond
material use, such as their role in the supply chain and the impact of logistics on their
recirculation. Although they play a peripheral role in production arrangements, it is
essential to consider process utilities in the same analysis, especially in terms of their
production (or generation) and distribution. Another component that cannot be ignored
is the material and energy emissions from the stages involved in the arrangement being
analyzed. Because they align with the core principles of the circular economy, these aspects
are crucial in determining a material’s degree of circularity [9].

As recommended in the MCI methodology, examining supplementary details can
improve the assessment by incorporating other relevant indicators [9]. Although the MCI
mainly relies on mass flows, the material’s nature—whether recycled, virgin, or bio-base—
can affect its score. Increasing circularity often requires higher material quality; products
designed for durability, repair, reuse, or effective recycling typically last longer and have
greater recovery potential, thereby raising the MCI. However, quality alone does not
guarantee circularity, and even high-quality materials may have a low MCI if made for a
single use or if they cannot be recovered at the end of life. Therefore, material quality and
circularity are related but separate goals.

Although this study does not compare different product designs or improvements, the
circularity analysis using the MCI effectively complements the previous environmental per-
formance assessment of the cell phone holder made with OLR. Table 9 provides additional
details showing how changes in virgin material content and recycling efficiency influence
system performance. Three scenarios with different virgin contents of 75% (S1), 50% (S2),
and 25% (S3) were analyzed, along with the effect of the cell phone holder being sent for
a second recycling process, to evaluate how improved recycling efficiency could enhance
overall circularity.
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Table 9. Exploratory scenarios of relative variations in virgin material amounts and recycling
efficiency associated with the production of a cell phone holder.

Relative Amount of Recycling Efficiency
Scenarios Virgin Material (End-of-Life Alternative)

(%) (%)

Baseline 0.0 0.0
S1 75 0.0

S2 50 0.0

S3 25 0.0

S4 0.0 75

S5 0.0 80

Primary data from a company in this sector indicate that PET recycling efficiency can
reach up to 85%. Therefore, lower process efficiency rates of 70% and 80% were considered
for hypothetical second recycling, as the cell phone holder had already been produced from
recycled material. The chosen values were obtained from [47] and used to describe S4 and
S5. As expected, the impact of using non-reusable, non-recyclable, or non-biodegradable
sources gradually reduced the indicator value (Figure 7). Additionally, recycling end-of-life
products again under these process efficiency rates could increase circularity by up to 70%.

4. Discussion

This study aimed to assess the environmental, circular, and technical aspects of OLR
PET production and AM production of a secondary product. PET bottles and cell phone
holders were chosen as the primary and secondary products.

From an environmental perspective, the Life Cycle Assessment (LCA) technique led to
better results across four impact categories, with overall reductions of 12% for both attribu-
tional and consequential approaches compared to non-recycling setups. Despite differences
between the methodological approaches, environmental performance improvements were
evident when considering recycling in the production of consumer goods using additive
manufacturing technology. Energy is a significant factor in the environmental impacts
associated with cell phone holder manufacturing, particularly in the filament extrusion and
additive manufacturing (AM) processes. To mitigate these energy-related impacts, an alter-
native scenario using renewable electricity from photovoltaic solar energy was examined.
This renewable energy scenario led to a 57% reduction in the single-score environmental
indicator compared to the scenario using virgin PET in the production process.

The analysis aims to support a comprehensive approach to an OLR system that uses
both attributional and consequential modeling within an LCA framework to measure envi-
ronmental impacts. By integrating these perspectives, this study offers insights to inform
the development of more effective waste management policies and evolving practices in
the circular economy. For example, initiatives like the Brazilian Federal Government’s
Recycling Credit Certificate—Recicla+, created in April 2022 to encourage recycling and
reverse logistics, link financial incentives to the collection and sale of recyclable materi-
als, supporting secondary markets and promoting sustainable material use. Connecting
LCA-based and MCI assessments with such policy tools can help optimize recycling flows,
improve resource efficiency, and advance circular economy goals.

Regarding technical performance, the cell phone holder showed good thermal stability
throughout the processing stages. The observed decrease in intrinsic viscosity between
stages did not hinder material flow during 3D printing, thus maintaining product quality.
Mechanical tests indicated satisfactory performance, with a deformation of 7.6% at rupture
and a tensile strength of 37.7 MPa. Therefore, the recycled PET filament can be used in
various additional applications, expanding the market for open-loop recycling.
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Assessing technical aspects is crucial for circularity evaluations and for systematically
considering the other elements that comprise the life cycle of these scenarios. New leg-
islation and pressures surrounding sustainable materials, including recycled ones, will
impose significant demands on manufacturers of single-use products, especially those
lacking feasible alternatives for their use. Therefore, developing the reverse logistics sector,
promoting plastic recycling to produce higher-quality recycled resins, and integrating these
resins into consumer goods production should be supported through public and private
incentives, as well as increased public awareness.

Circular performance, assessed through the MCI, resulted in median scores of 0.51 for
this case study from a cradle-to-grave perspective. However, a potential 70% improvement
is possible when considering recycling instead of landfill disposal for end-of-life cell
phones, which would result in continuous recycling cycles, underscoring the proposed
route’s potential circularity.

Limitations and Future Directions

Despite the valuable insights this study offers, some limitations were identified during
its development. The first involves dependence on secondary data to describe the environ-
mental performance of PET bottle production. While this method is commonly used in
the literature, it can introduce uncertainties that may affect the precision and accuracy of
findings related to environmental performance. Additionally, the study revealed potential
improvements in circularity and environmental performance for the analyzed system.
However, these results are closely tied to the products (PET bottles and cell phone holders)
selected for the case study. The same approach needs to be applied to other products to
broaden the opportunities provided by open-loop recycling practices, including increasing
the number of connected uses.

In addition, the technical assessments carried out within the scope of this investigation
focused on typical and generalist analyses of the materials’ thermal, mechanical, and
viscosity properties. Seeking other correlations between materials whose uses have been
exhausted will require additional physical-chemical and mechanical verifications to explore
different effects.

Finally, although not a limitation by itself, it is highly recommended that future studies
on the same topic explore social aspects related to the systems under analysis, especially for
cases where OLR logics are implemented in Brazil or countries with a similar socioeconomic
profile. In these regions, collection, sorting, and recycling activities can provide a source of
income for a significant portion of the population. Considering the systemic approach of
the study, this aspect should be examined through a Social Life Cycle Assessment (SLCA) to
identify effective strategies for stakeholders involved in the reverse logistics and recycling
of plastic waste. Comparing these social analyses with environmental, technical, and
circular performance results using Multi-Criteria Decision Methods (MCDMs) can offer
comprehensive support for decision making processes.

5. Conclusions

This article demonstrates a feasible, environmentally suitable, and circularly promis-
ing approach for producing a cell phone holder from 100% recycled PET using additive
manufacturing (AM) within an open-loop recycling (OLR) framework, and it compares
this approach to production from 100% virgin PET.

The case study highlights the potential for expanding PET recycling practices in Brazil
by leveraging the complex yet compelling dynamics of OLR systems. LCA results indicated
reductions of 10-15% in most impact categories under the attributional approach and 13%
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under the consequential approach, with electricity consumption identified as the main
driver and photovoltaic scenarios offering mitigation potential in 57% of cases.

Methodological differences in environmental modeling were not significant for this
case study. However, specific modeling choices may influence the results and, consequently,
decision making processes, regulatory incentives, or consumer preferences, potentially af-
fecting the perceived carbon footprint of products manufactured from secondary materials.
Therefore, complementary methodologies and case-by-case assessments must be employed
to ensure a comprehensive evaluation that reflects the specific characteristics of different
material types and regional conditions.

Technically, the recycled PET showed good thermal stability and satisfactory mechani-
cal performance (37.7 MPa tensile strength and 7.6% elongation at break) and maintained
processability during 3D printing, supporting its potential for use in higher-value ap-
plications. Circularity assessment using the MCI revealed moderate performance, with
potential improvements of up to 70% if the product were reincorporated into additional
recycling cycles.

Overall, these findings demonstrate a viable, environmentally favorable, and tech-
nically robust route for PET recycling in Brazilian conditions. The results illustrate how
integrating AM can enhance material upcycling and support circular economy strategies
by fostering alternative secondary markets for recycled plastics.
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Abbreviations

The following abbreviations are used in this manuscript:

CE Circular economy

CLR Closed-loop recycling

OLR Open-loop recycling

LCA Life Cycle Assessment

ALCA Attributional Life Cycle Assessment

CLCA Consequential Life Cycle Assessment
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PET Polyethylene terephthalate

AM Additive manufacturing

FFF Fused Filament Fabrication

B2B Bottle-to-bottle

B2F Bottle-to-fiber

GWP Global Warming Potential

PED Primary Energy Demand

WS Water Scarcity

TAc Terrestrial Acidification

MCI Material Circularity Indicator

UNEA United Nations Environment Assembly

UNEP United Nations Environment Programme

DSC Differential scanning calorimetry

TGA Thermogravimetric analysis
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