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The clothing and textile industry is a resource-intensive industry, and accounts for 3 to
10 percent of global carbon dioxide emissions. In addition, the industry is extremely linear
and generates vast amounts of waste.

For the industry to move from a linear to a circular economy, several solutions are re-
quired along the value chain upstream by working with resource efficiency and preventing
waste, and downstream with techniques for sorting and recycling. In addition, solutions for
traceability and transparency need to be developed, for example, through new standards,
and coordinated and accepted methodology for sustainability measurements.

By fundamentally changing the textile system, we can release the pressure that the
textile industry has on our planet in accordance with the needs of the United Nations
Agenda 2030 for Sustainable Development. Simultaneously, the change can also contribute
to new business ecosystems and business opportunities.

This Special Issue (SI), “Sustainable Fashion and Textile Recycling”, intends to bring
together areas of knowledge along the textile value chain to highlight both the difficulties
and opportunities that exist both from a larger perspective and in specific detail issues.

The SI aims to highlight research and new insights in all parts of the value chain,
such as design for circularity, sustainable textile production, sustainable user behav-
ior, business models to prolong the life of garments, traceability, textile sorting and
recycling technologies.

In this Special Issue, the papers are mainly devoted to new research in traceability,
design, textile production and recycling.

Felice Diekel et al. (contribution number 5) emphasized an overall important issue
regarding traceability and transparency in combination with clarity, which will be an
important issue in the future to create trust in the textile transition. The aim of the paper
was to assess the selected labels regarding their strengths and weaknesses, as well as
their coverage of relevant environmental aspects over the textile life cycle. They applied
a characterization scheme to analyze seven selected labels and compared their focus to
the environmental hotpots. They found significant differences among the eco-labels, and
none of them covered all relevant aspects and impacts during the life cycle. This, in turn,
places high demands on consumers who must be aware of these limitations when making
purchase decisions.

The paper from Miriam Ribul et al. (contribution number 4) described the devel-
opment and application of a material-driven textile design methodology (MDTD). The
methodology provided a compelling argument for designers to be active in the materials
science laboratory to establish new circular materials-driven manufacturing and finishing
processes. Having created and applied the method in connection with the investigation
of regenerated cellulose and its changing properties over a longer period, the research
led to a transformation of the practice of interdisciplinary design and materials science
collaboration into one that integrates discipline-specific methods.

Using Korea’s aesthetic point of view as well as nature’s forms, textures and materials,
Seonju Kam (submission number 8) described a parametric design methodology that can
reflect knowledge-based data in the process of producing 3D-printed sustainable fashion

Sustainability 2022, 14, 14903. https:/ /doi.org/10.3390/su142214903 1

https:/ /www.mdpi.com/journal/sustainability



Sustainability 2022, 14, 14903

products. It was determined in the paper that the process could extend the life of products,
and that it is possible to modify durable fashion products according to personal taste
by adjusting numerical values and to extract visual images based on knowledge of art
and culture.

The contribution by Hannah Auerbach George et al. (submission number 1) high-
lighted the need for interdisciplinary collaboration between sectors, with a particular focus
on the valuable information available within historical archives to meet modern sustainabil-
ity goals. From that perspective, they used Ardil fiber as a case study, showing that there
is a possibility that historical research can at present be helpful. Ardil was a British-made
product from peanuts and used as a source of protein. Technologies used in the processing
of Ardil could be used by countries and climates that currently produce large amounts of
peanut by-products and waste.

Ajinkya Powar et al. (submission number 3) used partial “gate to gate” life cycle
assessment (LCA) to study an ozone-based decolorization process of reactively dyed cotton
textiles. Experiments were conducted to determine the input and output flow rates for
the decolorization treatment of reactively dyed cotton textiles using the ozonation process.
Via the method, the environmental profile and the hotspots associated with it could be
discerned. The study paves the way for using ozone-based processes for textile processing
on an industrial scale. It also encourages thinking and developing technologies with a
lower ecological impact.

Most of the papers submitted to this Special Issue are concerned with different types
of recycling aspects.

Joséphine Riemens et al. (contribution number 7) highlighted the importance of
understanding the challenges that exist to improve textile recycling. To better understand
the barriers experienced, a Delphi study was conducted supplemented with Regnier’s
Abacus technique. In an iterative, anonymous and controlled feedback process, they
discussed these barriers, gathered from the existing literature, with a representative panel
of 28 experts. The lack of ecodesign practices, incentive policies and available and accurate
information about product components emerged as the most consistent challenges.

Paulien Harmsen et al. (submission number 6) embraced the important overarching
issue related to accurate information on product components, namely that of textile fiber
classification. Recycled raw materials will form a significant part of our future resources.
Textile recycling (especially for post-consumer waste) is still underdeveloped and will be a
major challenge in the coming years. Three problems that inhibit a better understanding of
the development of textile recycling are: the current classification of textile fibers does not
take recycling into account; there is no standard definition of textile recycling techniques;
and there is a lack of clear communication about technological progress and the benefits of
textile recycling. The paper presented a new fiber classification based on chemical groups
and bonds that makes it possible to unravel the logic and preferred recycling routes of
different fibers.

Katarina Lindstrom et al. (submission number 2) reported on a new method to pre-
serve the length of mechanically processed and recycled fibers, thereby better maintaining
their original properties. The aim of the study was to investigate whether a pre-treatment
with a lubricant could reduce fiber length reduction from tearing, which in turn could
facilitate recycled yarns with a higher proportion of recycled fibers. The study showed that
treating fabric with PEG enables rotor spinning of 100% recycled fibers. The inter-fiber co-
hesion test method suggested appropriate lubricant loadings, which were found to mitigate
tear hardness and facilitate fabric disintegration during recycling.

Another article by Hafeezullah Memon et al. (contribution number 11) also evaluates
the properties of the blended yarns produced from mechanically recycled textile and virgin
cotton for proportion optimization, and to verify if they can be used for denim fabric
production. In the work, they analyzed the results using Design-Expert software, and
with the help of a central composite design optimized the proportion between virgin and
recycled raw material.
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Finally, two articles are presented in series by Anna Peterson et al. (submission
number 10) and Jenny Bengtsson et al. (contribution number 9). The articles looked at the
possibility of separating viscose from polyester from a process perspective and reaction
kinetics perspective, respectively. The first paper used an iterative process between small-
scale experimental work and techno-economic and life-cycle analysis, which is considered
beneficial for developing recycling processes that are economically and ecologically feasible
and viable. The article also highlighted the importance of industrial symbioses to reduce
costs. The second article explored the separation chemistry itself as well as how the different
pretreatments and handling of the textiles can affect the separation.

All the valuable and interesting articles included in this Special Issue contribute to the
knowledge that is necessary for a transformation of the textile and fashion industry to take
place. Many studies, solutions and ideas need to be conducted to create the innovations
that will become the reality of our future. Additionally, we need to learn from each other
and take advantage of all the fantastic knowledge that is generated globally every day to
create a better future for the generations to come.
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Abstract: We are currently experiencing a global environmental crisis. Our waste culture is leading to
huge irreversible damage to our planet and ecosystems. This is particularly evident in both the textile
and food sectors, with a system-wide restructuring as to how we consume and source materials
becoming ever more urgent. By considering our waste as resource, we can access a vast source of
raw materials that is now being recognised as such. Viable materials in the form of waste have the
potential for conversion into textiles. However, this proposed solution to our contemporary crisis
is not new technology. Throughout the 20th century, science and industry have researched and
developed materials from food waste to meet global demand for textiles in times of need, with a
major development during the world wars being the invention of regenerated protein fibres (RPFs).
For various reasons, this research was abandoned, but much of the development work remains
valid. This research critically analyses work that has previously been done in the sector to better our
understanding of the historical hindrances to the progression of this technology. By applying modern
thinking and scientific advances to historical challenges, there is the potential to overcome previous
barriers to utilising food waste as a resource. One of the key influences in the discontinuation of RPFs
was the rise of petrochemical textiles. Our current understanding of the detriment caused by petro-
chemicals warrants a further review of historical emergent technologies. This paper uses Ardil fibre
as a case study, and shows that there is a clear disparity between the location of historic research and
where the research would now be helpful. Ardil was a British-made product, using peanuts sourced
from the British Empire as the source of protein. Techniques used in the processing of Ardil could be
better utilised by countries and climates currently producing large amounts of peanut byproducts
and waste. Through this research, another historical concern that thwarted Ardil’s acceptance as a
mainstream fibre was discovered to be its poor tensile strength. However, contemporary garment
life cycles are far shorter than historical ones, with built-in obsolescence now being considered as
a solution to fast fashion cycles by matching the longevity of the fibre to the expected use phase of
the garment, but ensuring suitable disposal methods, such as composting. This research highlights
the need for cross-disciplinary collaboration between sectors, with a specific focus on the wealth of
valuable information available within historical archives for modern sustainability goals.

Keywords: regenerated fibres; regenerated protein fibres; waste; circular economy; valorisation;
garment industry; manmade fibres; textile processing; textile history; Ardil

1. Introduction

We are firmly in a period of environmental crisis, with humanity’s impact on the planet
becoming ever more evident, and the time before irreversible damage has been caused is
rapidly dwindling. Two of the largest sectors contributing to this environmental crisis are
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the textile and food production industries. The size of the textiles sector has been increasing
steadily in recent years, and the garment sector alone is estimated to produce 3.3 billion
tonnes of CO,e annually [1]. Globally, fibre production reached 109 million tonnes (Mt)
in 2020, representing a 10-fold increase since 1950, of which synthetic fibres represent
roughly 62% of production mass. Global fibre production is expected to increase by another
34% to 146 Mt by 2030. Worldwide fibre production per person increased from 8.4 kg per
person in 1975 to 14 kg per person in 2020 [2]. With the global population simultaneously
expected to increase by 40% by 2050, the environmental burden of the textile industry
will increase rapidly in the coming decades [3]. The increase in clothing purchased can be
attributed to several different factors, such as the comparably slow rise in clothing prices
when compared to other consumer goods [4], and the advent of the phenomenon known
as “fast fashion” [5,6]. With the turnover of fashion being so high, and the cost of clothing
being comparably low, the amount of waste generated per annum is vastly increasing with
this new model of textile consumerism.

Understanding the environmental impact of different textiles is complex, and the
literature often provides conflicting data. For example, Moazzem et al. claim that a key
contributing factor to the environmental impact of the textile supply chain is the consumer
use phase in garment life cycles [7]. However, a 2017 report from WRAP cites the fibre
production stage as the highest contributor to the carbon footprint of clothing, with roughly
11 Mt of COse produced in 2016 (out of a total of 26.2 Mt of CO,e across the whole supply
chain) [8]. These conflicts often arise because the process of measuring and recording the
environmental impact of a garment throughout its life cycle is highly complex, making
any comparisons across fibre type subject to debate. Recently, a widely used tool for
mapping the sustainability of fibre types and materials—the Higg Materials Sustainability
Index (MSI)—has come under scrutiny, as it only considers the production phase in its
assessment. [9].

The environmental issues and concerns with synthetic fibres are well documented, and
have dominated the media headlines in recent years. It is often assumed that natural fibres
are more sustainable when compared to synthetics. However, the environmental effect of
the production of natural fibres cannot be ignored: the recent increase in the desirability
of natural fibres in an attempt to be environmentally conscious has been shown to cause
myriad issues. Cotton fibre is a vast industry estimated to employ nearly 7% of labour
in developing countries [10]. Operating the cotton industry at this scale comes at a huge
detriment to the environment. Cotton is very difficult to grow successfully, requiring huge
amounts of water and pesticides to sustain the crop, which occupies only 2.4% of cultivated
land but consumes 6% of pesticides and 16% of insecticides globally [11]. Production of
cotton uses vast amounts of water; 69% of all water used in fibre production is attributed to
cotton, with 1 kg of finished fabric taking about 20,000 litres to produce [12].

Protein fibres also have issues. Farming and harvesting silk also involves intensive
and environmentally harmful processes, and is ranked higher than most other fibres on the
Higg MSI [13]. Although silk fibre represents a much smaller proportion of the global fibre
market than cotton, at just 0.1% of the global market, the value of silk was expected to be
USD 16.94 billion in 2021 due to increased desire for this fibre [2]. Wool fibre production
has an incredibly high carbon footprint, accounting for 36% of the total carbon footprint
in fibre production for clothing in use in the UK in 2009 [14], and the desertification of
Mongolia has been attributed to the farming of cashmere goats [15,16]. While, again, these
statistics only consider the production phase of these fibres, this must be understood in
the context of the renewed interest in natural fibres and the vast increase in demand. One
hundred years ago, the quantity of textiles required to meet global demand was far less
than today, due to the lower population and the different approach to clothing. A coat
lasted a lifetime, as opposed to a fashion season, which meant that the pressure on the
production of natural fibres was lower, and the associated environmental impact was
limited. The synergistic effects of the increased demand for natural “sustainable” fibres
from a more environmentally conscious consumer base, along with the evidenced increase
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in environmental impact resulting from overstrained natural fibre production routes, opens
up an exciting opportunity for novel research into potential feedstocks for sustainable fibre
production. However, there is potential not only in exploring “new” processes, but also in
learning from historical precedent to draw inspiration for a more sustainable future.

There is a genuine need for sustainable fibres in contemporary society; however, the
problems of overpopulation and lack of raw materials are not new. This was acutely
felt during the first half of the 20th century, with the economic pressure created by two
world wars and the growing global population. During the interwar period, in response
to this hardship and strain on textile resources, government hopes turned to an emerging
science—regenerated protein fibres (RPFs). Their revolutionary idea was to use regenerated
protein fibres created in a lab to reduce their reliance on natural fibres grown in fields or on
animals. In theory, RPFs could be made from an array of protein sources more simply and
economically than traditional fibres such as wool, which requires farming livestock [17]. It
was hoped that these new regenerated fibres would provide an economical and competitive
alternative to natural fibre resources [18], and across Europe many companies began
experimenting with RPFs on a commercial scale, in the hope that these fibres would be the
future of the textile industry [19]. While there are some examples of contemporary RPFs in
today’s market, such as QMilch, this paper focuses on historical examples of RPFs.

The process developed during the interwar period to produce RPFs was as follows [20]:

1. Dissolution of the protein in a suitable solvent. This is typically an aqueous solution
of a diluted alkali.

2. Denaturing and unfolding the protein molecules into a linear state. In the case of
casein this is achieved via the introduction of NaOH which, when given enough time,
breaks the proteins’ secondary structure. This enables extrusion through small holes
within a spinneret.

3. Extrusion of this protein “dope” through a spinneret directly into a coagulation bath
in a wet spinning process. This involves controlled precipitation of the protein in the
coagulation bath, forming continuous filaments. The coagulation bath usually consists
of an anti-solvent—typically an aqueous solution of diluted acid—and other chemical
additives. Salt is added to increase the osmotic pressure within the bath, causing fibre
shrinkage to aid with protein molecule orientation and to prevent fibres from sticking
together. A crosslinking agent (most commonly formaldehyde) is added to improve
the tensile properties of the fibre. The filaments can then undergo further mechanical
and chemical processes to increase their functional properties, including chemical
hardening in a separate bath. The most common chemicals used historically for RPFs
are sulphuric acid, sodium sulphate, magnesium sulphate, and formaldehyde.

4. Drawing filaments. A mechanical process of gradually stretching the fibre to aid in
protein molecule alignment and increase fibre crystallinity, leading to an increase in
tensile strength.

Despite showing early promise, this industry died out after World War II. Some of the
key factors in the disappearance of these fibres included problems with tensile strength—
particularly wet strength—and the availability of raw materials. RPFs were a revolutionary
idea that promised to solve issues of supply and demand, but ultimately failed. However,
this method of creating fibres has been shown to have potential in the realm of sustainable
textiles, as the protein used can be upcycled from waste. There is renewed interest in this
technology, as the need for more sustainable fibres grows ever stronger. It is also possible
for regenerated fibres to be broken down post-use, creating a material with a circular
economy. At present, further research into environmentally friendly methods of producing
RPFs is required, as historically the process of crosslinking proteins uses harmful chemicals
(e.g., formaldehyde). In particular, systems supporting the life cycle of these fibres, such as
waste collection and composting of the garments, have previously been identified as key
areas for further research [21]. This paper explores the reasons for the disappearance of
RPFs, and asks what lessons can be applied to sustainable contemporary textile design. By
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reappraising historical examples of RPFs against contemporary scientific developments, it
is hoped that a potential future sustainable method can be demonstrated.

Ardil fibre was chosen as a case study, with the aim of understanding the shift away
from these promising early fibre developments and the potential lessons to be gained from
past RPF research. Ardil is the brand name of a fibre first developed in the 1930s by the
British company Imperial Chemical Industries (ICI). It was made from groundnuts, more
commonly known as and hereafter referred to as peanuts (although the literature uses
the names interchangeably). Ardil’s development coincided with periods of shortage and
austerity during the world wars—a time when manufacturers were seeking alternatives
to natural fibres. During these wars, textiles were deemed to be of vital importance, with
wool for uniforms being considered just as important as bullets [22]. Not only that, but the
strain of the war effort on the textile industry was immense, with 65% of the production
capacity being diverted to the creation of government fabrics [23]. This vastly reduced the
available fibres and fabrics for the general consumer. There was also fear of disruption of
the wool trade routes leading to material shortages. All of these factors combined resulted
in the heavy investment in and rapid development of fibres that could be produced from
alternative feedstocks, such as Ardil. However, Ardil production did not continue beyond
the 1950s. By closely scrutinising the development, success, and subsequent downfall of
this once highly promising RPF, and by employing modern techniques to critically analyse
the sustainability of the process, we can begin a holistic approach to the development of
contemporary RPFs.

2. Materials and Methods

This paper combines literature from design, science, and industry to investigate how
textile materials can be created from food waste to elevate pressure on finite resources
for textiles. The authors used Ardil as a specific example of an RPF as a case study, as
it was one of the few examples of a British RPF to be put into commercial production
with moderate success, providing useful insights for contemporary textiles. The authors
first planned the paper, identifying Ardil as an appropriate case study before outlining the
structure of the paper. Next, data were collected using literature searches and by identifying
and visiting appropriate collections. This information was then critically analysed by the
authors before reporting their findings and opinions on the subject. A detailed review
of the RPF patents was used in order to understand the chronological progression of the
technology. Using historical sources including newspaper articles, magazines, journals,
and archival collections, this paper first outlines the story of Ardil, seeking to understand
the nuances behind its development and, for the first time, the reasons for its subsequent
failure. Secondly, this is contextualised through a contemporary lens, questioning what
knowledge can be applied to the ongoing research and development of contemporary RPFs.
A timeline illustrating the rise and fall of Ardil helps explain its place in history and the
simultaneous shifts in the global textile market and the wider economy (Figure 1). Three
main areas in the story of Ardil are considered:

1.  Development of the historical technology;
2. Marketing and public reception of Ardil;
3. Social, political, and economic factors.

This research has been challenging, as there are very few recorded examples of Ardil
in contemporary museum collections today. Brooks argues this may be a result of Ardil’s
poor longevity as a fibre and the difficulty in distinguishing fabrics made from Ardil
from other fibres, such as wool [24]. As such, unless there is clear supporting evidence or
labelling, many Ardil fabrics may sit in collections unnoticed. The lack of known examples
of Ardil and the rarity of academic literature relating to it have previously hindered in-
depth research into this fibre, as the material is not easily accessible. Whilst conducting the
archival research for this paper, several little-known or previously unrecorded examples of
Ardil were discovered. These discoveries have helped to shape further understanding of
the prevalence and historical importance of this fibre.
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Figure 1. This timeline shows the key events in the development, marketing, and subsequent demise
of Ardil fibre, as well as the social and economic events that influenced its trajectory.
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3. Results
3.1. Historical Background
3.1.1. RPF Background

The development of RPFs stretches back to the 19th century, with the first known
example being a fibre made from gelatine by the scientist Adam Millar in 1894. Following
on from Millar’s work, other scientists developed RPFs using sources of protein that
included maize, soya beans, chicken feathers, albumin, and eggs. It was not until the 1930s
that the technology sufficiently advanced to become scalable. In 1935, the Italian scientist
Antonio Ferretti created a commercially viable casein fibre, which was marketed as Lanital.
The Italians were so proud of their new fibre technology that it was used in the manufacture
of Italian army uniforms, under Mussolini’s rule. However, the army were not impressed
by the poor quality of Lanital as compared to wool [25]. Lanital, like the majority of RPFs
developed during the interwar period, proved unsuccessful, as it could not compete with
natural fibres such as cotton and wool [26]. Although RPFs successfully mimicked desirable
properties of natural fibres such as soft handle, they were easily damaged and became
weak when damp [27].

3.1.2. Imperial Chemical Industries Background

ICI was one of the largest science and technology companies of the 20th century. They
were responsible for creating well-known products such as Perspex, Polythene, Dulux
paints, and hundreds more. Though predominantly a chemical company, ICI were acutely
aware of the shifts within textiles, and of the potential role their chemical expertise could
play in the sector. In the early 1900s, it was widely believed that the future of the textile
industry lay in scientific development and the exciting properties that technology could
imbue. Alongside RPFs, this was also the age of development for petrochemical-derived
fibres such as nylon and polyester, which would eventually supersede RPFs to become the
prevalent materials they are today, but for a time both technologies were equally feted. The
work of ICI was a clear example of this, with involvement in developing several manmade
fibres, including synthetic fibres from the petrochemical industry as well as RPFs [28].

3.2. Development of the Historical Technology
3.2.1. Invention of the Process

Though ICI were responsible for the development, marketing, and even naming of
Ardil, the science behind the fibre originated from the work of William Astbury at The
University of Leeds. Astbury worked in textile physics at Leeds from 1928, and held the
Chair of Professor of Biomolecular Structure from 1946 until his death in 1961 [29]. He
focused much of his work on using X-rays to study biological molecules—particularly
wool and hair fibres. His work with Florence Bell on X-ray crystallography of biological
molecules revealed the regular, ordered structure of DNA, which laid the foundations for
the structural identification of DNA by Crick and Watson in 1953.

In addition to this work, in 1935 Astbury developed a technique for producing fibres
from vegetable proteins with his colleagues Chibnall and Bailey at Imperial College Lon-
don [30]. Their technique involved denaturing globular proteins—a process of chemically
unfurling the molecules of protein in order to “refold” it into a fibrous form. These glob-
ular proteins are found in different sources of vegetable protein, including hemp seeds
and peanuts.

3.2.2. The Role of ICI

To understand why ICI were so interested in Astbury’s work, it is important to
understand where the technology was at this point in time. Analysis of patents filed
relating to RPFs, from their invention in the 1870s onwards, shows that prior to Astbury’s
work RPFs were more commonly produced from animal proteins. Before Astbury and his
colleagues filed their patent in October 1935, only three other researchers had filed patents
for RPFs since Adam Millar in 1894. These were Dr Friedrich Todtenhaupt, Herman Timpe,
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and Antonio Ferretti, whose methods all focused predominantly on milk casein, gelatine,
eggs, and albumin. In Astbury’s patent, he specifies “Production of silk and wool-like
threads from ‘vegetable’” proteins belonging to globulin group” [31]. This patent would
have likely been of great interest to ICI, as it specifically worked with seeds and legumes, as
vegetable proteins were in higher abundance throughout the world [26]. Importantly, using
vegetable proteins would also cut out the additional and costly step of farming livestock
that the previous patents for animal-protein-derived RPFs used.

Quickly realising the potential in Astbury’s research, ICI formally purchased the
patents the following year [32]. The responsibility of further developing Ardil for com-
mercial use was handed to David Traill in ICI’s Nobel Division [33], named after Alfred
Nobel, who originally founded the factory at this site [34]. Traill set to work finding the
most suitable source of protein to use with Astbury’s methods. In patents filed by Traill
between 1937 and 1939, he specifies peanuts as well as casein, until the 1940s onwards,
where he focuses purely on peanuts [35,36]. Traill’s experiments had found peanut protein
to be the most suited to his purpose [37]. Peanuts were commonly imported to the UK as
a foodstuff, and so could be relied upon as a regular source of protein to work with; the
Gambia alone imported 10,275.6 tonnes to the UK in 1935 [38]. The main product produced
from peanuts at this time was peanut oil, with the leftover meal used as animal feed or
considered waste. As discussed, there were already several examples of casein regenerated
protein fibres in commercial production [39], but none using peanut fibre yet (the only other
historical example of a peanut fibre being developed commercially was Sarelon in the US,
where peanuts can be grown [40,41]). With the parameters set for their new product, Ardil
fibre was christened after the location where Traill worked—at an ICI plant in Ardrossan
on the Ardeer Peninsula in Ayrshire.

3.2.3. The Chemical Process

The chemical process of creating Ardil was described in 1955 [19]: Peanuts are first
crushed to extract the oil used as an ingredient in food manufacture (e.g., margarine) and
personal care products (e.g., soap). The residue consists of approximately equal parts of
carbohydrate and protein; the protein is extracted, and is washed and dried to obtain
a white powder called Ardein, which is primarily composed of a protein called arachin.
Ardein is dissolved in caustic soda and extruded through spinnerets into a coagulation bath,
followed by hardening, washing, crimping, and cutting into staple fibres ready for spinning
(Figure 2a). As discussed in the introduction, the hardening stage often employed the use
of formaldehyde as a crosslinking agent; this posed serious environmental concerns with
regards to wastewater. This, in combination with the fact that wet spinning as a process
is very water-intensive, with large amounts of water being required for every stage of the
process, means that even though this protein fibre utilised a “waste” feedstock, the actual
environmental impact of the process was likely to be relatively harmful. The undissolved
part of the peanut meal is recovered, and is valuable cattle food [42].

As Ardil was not produced as a continuous filament, it was very versatile for spinning
into a variety of yarn weights. The fibres could be made into several different deniers
to suit garments or interior textiles accordingly. In order to promote and explain their
new fibre to potential customers, ICI produced a manual for manufacturers [26]. The
manual explains that there were three main types: B, F, and K, each with slightly different
properties and subsequent applications. Another important distinction between the types
was the shade; Ardil was naturally a fawn colour, with the manual suggesting that to
achieve a pure white shade, bleaching was required. This may have been seen as drawback
by some manufacturers, as it would affect the shades that could be achieved through
dyeing. The reasons for producing these different product specifications for Ardil are not
immediately obvious, but the unusual product categories imply that ICI were compensating
for shortcomings of Ardil.
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Figure 2. (a) “The moment when ‘Ardil’ first becomes a fibre”: Filaments of Ardil are drawn from
fibres in the coagulating bath; Catalyst Science Discovery Centre and Museum. (b) “Ardil Protein
Fibre Factory, Dumfries” by Henry Rushbury, with the Ardil Tower visible; Catalyst Science Discovery
Centre and Museum.

3.2.4. Blends with Ardil

Despite high expectations, during initial testing, it became clear that Ardil was not
particularly strong as a fibre; it had poor tensile strength when wet compared to other
fibres, such as wool (Table 1) [26].

Table 1. Comparison of the principal physical properties of “Ardil” fibre and wool.

Property “Ardil” Fibre Wool
Specific gravity 1.31 131
Tensile strength (kg./sq.mm.) 8-10 12-20
Elongation at break (%) 40-60 30

It was therefore decided that Ardil would perform better when blended with wool
and other fibres, such as rayon, which would stabilise it. The most notable incentive for
using Ardil as a blend was the reduction in material costs when compared to a pure wool
fabric [43]. However, there were also benefits to material properties when using Ardil
as a blend, which Silk & Rayon Magazine reported on in 1945 [37]. Ardil was pitched to
customers as a complimentary fibre that enhanced the properties of the other fibres it was
blended with; it could be used to make lighter woollen fabrics, it was not subject to moth
damage, and it was crease-resistant. Another key consideration in the production process
highlighted by the Silk & Rayon article is that the variable length of fibres meant Ardil could
be spun with existing machinery and, therefore, easily absorbed into company production
lines [37]. Ardil was also found to be beneficial in hat making as, although it did not felt
itself, it enhanced the felting process when used with wool [44].

In order to achieve the most from their new fibre, ICI encouraged industry partners
to experiment with it. As a result, a wide array of Ardil blends were created, tested,
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and accessed [18]. It was suggested that blends with a higher percentage of Ardil would
be better suited to dress fabrics, where washability was not as intensive or as frequent
compared to shirting materials [43]. Ardil was blended in equal parts with wool, and just
before the outbreak of war, sufficient fibre was produced on a laboratory scale to enable
a number of suits to be made; a number of these suits were still being worn in the early
1950s [42]. Although ICI Magazine reported positively about the longevity of these early
garments, anecdotal evidence suggests otherwise [45].

3.2.5. Ardil Factory

The ICI board approved Ardil for mass production in 1947. A GBP 2.1million budget
for the project was agreed, and work began on the Ardil plant at the Dungan’s site in
Dumfries in 1949 [30]. The centrepiece of this site design was the Ardil Tower—a monolith
to ICIs aspirations for their fibre (Figure 2b). The factory utilised a vertical assembly line,
where all parts of the yarn-making process were conducted under one roof. The peanut
protein meal was also stored onsite for ease of production. ICI were immensely proud of
their new Nobel Division factory buildings, and boasted about the external “buff coloured”
bricks and the “special acid-resisting floor” in an issue of ICI Magazine from 1950 [46].
Internally, the plant was fully tiled, as cleanliness was essential to the chemical processes
of making Ardil. The description of the factory highlights the advancements made in
contemporary RPF science, where the involvement of acid in the process would be highly
controlled and minimised. When the plant was in full production, the output was around
9000 tonnes per year [42]. The site was ready for commercial production in 1951.

It took over 15 years from the initial idea developed by Astbury in his lab at the
University of Leeds to the opening of Ardil’s own dedicated plant. Throughout this time,
numerous trials and testing of the material were carried out. Recommendations to blend
Ardil were introduced to address flaws in its material strength, but despite this ICI still felt
confident in the importance of the fibre they had invented.

3.3. Marketing and Public Reception of Ardil
3.3.1. General Public

Though ICI and textile manufacturers had great confidence in their product, they now
faced a new challenge—marketing a new and unknown product to the public. After the
Second World War, the public were keen to forget the hardship and rationing imposed
on them, and to celebrate their post-war wealth. Although rationing of clothes continued
until 1949, a desire for newness and convenience underpinned the marketing of many
products, and the textile sector was no exception. Advances in science that had resulted
from necessity during the war were now being applied to household products post-war.
Textile journals from this period are filled with adverts for different coatings and finishes
that ease the process of laundering [47]. The public were hungry for new materials and
products that science could offer them, and the ease that they brought to their domestic
lives. Ardil fit directly into this remit, with one advert declaring “Happy families—with
“Ardil’”” (Figure 3a). Directly targeted at the housewife, this advert shows a domestic scene,
and asserts that Ardil is a key ingredient to domestic bliss.

Though this was an era of new scientific ideas entering the domestic sphere, a textile
made from peanuts was not easily accepted by the public. Many magazines and journals
could not resist the humorous connotations of a fibre made from such an unlikely source.
A headline from 1944 jubilantly declared that ICI had launched a “Monkey nut” fibre [34].
Another article reports that a wearer of an Ardil frock described it as “just nuts” [41].
Astbury was known to wear an overcoat made from Ardil during his lectures at the
University of Leeds [48]; a cartoon published in the Yorkshire Evening Post in the same
period [49] depicted the coat being pecked at by birds, further evidencing the humorous
reception that this novel fibre would have had from the public (Figure 3b). It is notable that
Astbury referred to the coat himself as made from “Monkey nuts”, as he was not permitted
to discuss ICI’s new fibre by its brand name [32].
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Figure 3. (a) Happy families—with “Ardil” advert circa 1955. (b) Cartoon of Astbury’s “Monkey nut
overcoat”, Yorkshire Evening Post, 1944.

In fact, ICI were so concerned by these sardonic reviews from the press that they sold
several garments made from Ardil to the public in secret [48]. Fearing that consumers
would be put off by the origins of the yarn, they retailed several Ardil garments labelled as
pure wool. This was part of wide-scale marketing test to see if the general public could
notice the difference in the Ardil products.

3.3.2. The British Industries Fair

As well as advertising directly to consumers, ICI knew it was important to target the
manufacturers who would use Ardil in their products. Established in 1915 by the Board of
Trade, the British Industries Fair (BIF) was an esteemed showcase for British products and
commerce. In 1953, ICI took a stand at the Earl’s Court site of the BIFE. ICI regularly showed
their products at the BIF, but this was the first time they had shown a textile product,
hoping to market it to manufacturers and the public alike. Stand No. R421/518 at the Earl’s
Court branch of the fair was an extremely large dual-aspect stand at the very centre of the
exhibition [50]. ICI occupied more space than any other single exhibitor; the stand was
designed by Hulme Chadwick, and was intended to show the fibre’s “great versatility and
exceptional properties” [51].

An advert for the upcoming show proudly declared Ardil to be “a new fibre of great
importance to the textile industry” [52] (Figure 4a). The advert also hinted at several of
the factors afflicting Ardil in its development so far. Ardil was referred to as a “new fibre”
even though, as previously discussed, the development of Ardil had spanned nearly two
decades already. Ardil was also described as “now available in bulk”, alluding to the
production and scaling problems faced at the plant. The BIF was so prestigious and the
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stand so intriguing that it was even visited by the new Queen, who was crowned the
following month (Figure 4b) [53]. Tellingly, the Queen is reported to have asked “You tell
us of all these remarkable properties. Surely there must be some snags?” [54].
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Figure 4. (a) “Ardil a new fibre of great importance to the textile industry”, 1953; Catalyst Science
Discovery Centre and Museum. (b) “Her Majesty is seen here examining ‘Ardil” protein fibre” at the
British Industries Fair, 1953; Catalyst Science Discovery Centre and Museum.

3.3.3. Designers Working with Ardil

In order to showcase Ardil at its best, ICT had commissioned some of the UK’s leading
textile designers to create fabrics using Ardil blends [51]; the pioneering woven furnishings
designer Tibor Reich was one of them. It is perhaps no coincidence that Reich was a
graduate of The University of Leeds, where the method for making Ardil was invented.
The University’s reputation in industry was strong, and Tibor’s link to the institution may
well have led ICI to commission him for their stand. Tibor Ltd. produced several fabrics
using Ardil—most notably a design called History of Shapes (Figure 5), described by one
reviewer as a “A tour de force woven on the Jacquard loom in [A]rdil, spun silk, and a
metallic thread, which was then screen-printed with a narrative pattern” [55]. Today, one
of the same pieces that hung on the BIF stand can be seen in the Tibor Ltd. private archive.
The piece is regularly described as being made of Ardil, silk, and Lurex. Upon closer
examination of the piece, it appears that Ardil is spun with silk to produce a unique yarn.
The Victoria and Albert Museum also holds History of Shapes in their collection, although
it is not identified as being made from Ardil. As a result of this research, the catalogue at
the V&A has been corrected to record this piece as being made from Ardil.
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Figure 5. Furnishing fabric History of Shapes, designed by Tibor Reich, Hungarian, Stratford-upon-
Avon, circa 1953. © Victoria and Albert Museum, London.

As a designer, Reich was always interested in working with new materials and con-
cepts. He was already using another novel material called Lurex—a yarn made from thin
aluminium foil—in many of his textiles. After his experience using Ardil in History of
Shapes, he continued to work with ICI, producing several commercial ranges of fabrics
using Ardil (Figure 6a). Tibor’s typical yarn palette would include wool yarns in different
specifications, combined with viscose and Lurex wefts woven on a cotton warp. Ardil
blended well with all of these fibres, and would have been complimentary to his existing
products. Designs produced by Tibor Ltd. in Ardil included the Jacquards Movemento,
Granite, and Gazelle, as well as power-woven designs, including Ardil Prince, Henley, and
one of Tibor’s most popular designs, California. Tibor was so taken with Ardil that he
created a distinctive design celebrating peanuts, entitled Harvest (Figure 6b). Using the
unusual technique that he had developed with History of Shapes, Harvest has a woven
Jacquard background, which it was screen-printed onto. The motifs in the design are based
on the process of harvesting peanuts. Tibor produced a similar design, called “Aluminium
story”, depicting the process of smelting aluminium [56].

Many other important names from 20th century textile design were keen to develop
products using Ardil fibres. During the course of this research, it was discovered that one
of the most notable manufacturers of 20th century textiles, Warner & Sons, also worked
with Ardil fibre. Warner & Sons’ power-woven record books show an Ardil fabric being
produced in 1953 (Figure 7). The piece described in the log was produced for ICI in February
1953, suggesting that the intention was to showcase it on the Ardil stand at the BIF. The
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fabric was described as being green in colour and made form a blend of Ardil and silk.
Further research is required to determine whether the Warner Textile Archive still holds
any examples of this Ardil fabric. Other noted designers who lent their signature designs to
Ardil fabrics included Jaqueline Groag, John Piper, Lucienne Day, and the sculptor Nicholas

Vergette [57].

(b)

Figure 6. (a) “Tibor weaves new ‘Ardil” blend textures” advert circa 1954. (b) Furnishing fabric,
Harvest, depicting the process of harvesting peanuts, designed by Tibor Reich, Stratford-upon-Avon,

circa 1953.
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Figure 7. Power-woven fabric ledger, Warner & Sons, Warner Textile Archive, 1953. Reproduced with
permission from the Warner Textile Archive, Braintree District Museum Trust.
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3.4. Political and Economic Factors

Put simply, there are four main political and economic factors that governed the
development of Ardil and can help to explain why it failed. These were the Second
World War, the price of wool, the supply of peanuts, and the rise of petrochemical
fibres. Whilst all of these are interlinked, each subject is tackled independently here to
help understand the picture as a whole.

3.4.1. The Second World War

Although the Second World War was beneficial for development of many RPFs—
most notably in Italy—the war actually postponed further development of Ardil, as
much of ICI's technology was diverted towards the war effort. In fact, ICI’s Drungans
site in Dumfries, which would later become the Ardil plant, was originally created by
ICI to produce munitions [58]. The peanut meal used to create Ardil was needed to
supplement food supplies [39]. This significantly delayed the material developmental
progress of Ardil. In contrast to the UK’s postponement of Ardil, Italy doubled down
on their output of RPFs during the war, clothing their army in Lanital uniforms. This
may be in part due to the development of Ardil being several years behind that of
Lanital; at the outbreak of war in 1939, Ardil was still only a lab creation. In 1944,
development work on Ardil resumed, although ICI were still not able to produce Ardil
in large quantities. “When the war ended, a small pilot plant was built and sufficient
‘Ardil’ produced to enable us to form some idea of its commercial possibilities” [42].
Slow development did not stop the press from eagerly reporting a 1944 press release
from ICI. An article in The Draper’s Organiser from January 1945 announced “New
Wool-like Yarn from Nuts ... ICI’s important contribution to synthetic fibres” [18].

3.4.2. The Wool Price

The war impacted the supply of raw materials, and there was a notable strain on
wool supplies. At first, this was promising for Ardil and other RPFs, as it indicated that
wool stocks could not be solely relied upon to keep up with demand for clothing [59].
Even the wool industry felt that scientific enhancement would likely play a part in
the future of wool [60]. When wool prices began to climb to their most expensive
in history at the end of the 1940s, it is likely ICI felt vindicated in their decision to
invest to so heavily in Ardil. The cost of wool reached the highest it had ever been at
”125% d. per lb. on 26 January 1951” [61], roughly equivalent to GBP 41.80 per kg in
today’s money [62,63]. This steep elevation in price was caused by the government
commandeering the British Wool Clip during the war. They continued to pay a set
price for wool based on a pre-war price. This price did not reflect the cost of sheep
farming and wool production at the time, so when the price cap was lifted at the end
of the war the cost of wool rose significantly [64]. The demand for wool during the
war period was also steadily increasing while the global output of wool fell, further
inflating the price [65,66].

Data gathered compiled using Kreglinger and Fernau market reports shows the
prices for wool at the London sales between 1924 and 1954 (Figure 8) [66], demonstrat-
ing the lack of recorded prices during the war period and subsequent elevation in price
post-war. Unfortunately for ICI, this seemingly exponential rise in the price of wool
did not last. The drop in wool prices globally [67] from 1951 onwards doubtless took a
toll on Ardil, as industry partners were not as likely to try a more expensive, unfamiliar
fibre over a reliable material such as wool. The commercial success of their product
relied upon the price being highly competitive compared to wool and other fibres.
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Figure 8. Graph showing the absence of a wool price during the war, and the initial spike and
subsequent drop-off in wool prices post-war. Average price per pound and price differentials of fine
wool at Boston and London markets, 1924-1954. N.B., Data taken from two separate sets, indicated
by the colour change on the graph. Wool can be a difficult commodity to price, as it varies so much in
quality, and is subject to fluctuations in yield. Data on the production and price of wool are therefore
complicated to extrapolate, but the datasets used reflect the market trend as whole.

3.4.3. Supply of Peanuts

ICI had also not considered the difficulties they would face in finding the raw materials
needed to scale up their production. At the same time as the peak in wool prices (July 1951),
W Johnston at ICI wrote to Mr Greenhill of the Trades and Marketing Department of the
Colonial Office, stating that he “would very much welcome any help or guidance which
the Colonial office can give us in finding a source of consistent supply of good quality
groundnuts ... to be used for the production of Ardil Protein Fibre” [68]. The problems ICI
were experiencing came from the quality of protein yielded from the peanuts. They had
already experimented with several varieties of peanut, each giving different results; the
quality of the fibre produced was closely linked to the quality of the protein that could be
extracted from the peanut meal [68]. As such, ICI found that they had to be highly selective
about the peanut meal they used for the development of their product, forcing them to
seek more reliable and consistent sources whilst narrowing their options. Johnston had
contacted the Colonial Office off the back of a report about the available protein supplies
for Ardil published by the Ministry of Food [69]; the report expressed concern about the
growing demand for peanut meal from the textile industry, and warned that this demand
had already come at the expense of “feeding-stuffs supplies” [69].

19



Sustainability 2022, 14, 8414

3.4.4. East Africa Groundnut Scheme

The failure of the East African Groundnut Scheme (EAGS) was also making headlines
in 1951. Started in 1947, the EAGS was a proposed solution to post-war food shortages.
The scheme entailed cultivating large quantities of peanuts in the shrubland of Tanganyika,
now known as Tanzania [70]. It would be easy to assume a causal link between the
demise of the EAGS and the demise of Ardil, but a direct link between the two is not
clear [42]. The work on developing Ardil had begun long before the conception of the
EAGS; concurrently, the EAGS was developed as a response to food shortages, not textile
shortages. Correspondence from ICI shows that they were working with peanuts sourced
from around the world, including India and China, as well as several other African countries
in addition to Tanzania [70]. There is further correspondence showing an interest from ICI
in the progress of the EAGS in early 1952 [71], but the demise of the EAGS was already in
motion [72]. Instead, it would be more accurate to suggest that the simultaneous rise and
fall of both Ardil and the EAGS speak to the wider trend of peanuts as a commodity at the
time, and the promise that they held as both a fibre resource and a foodstuff.

3.4.5. The Rise of Petrochemicals

As referenced in Figure 1, the development of Ardil and other regenerated protein
fibres coincided with the development of new fibres from the petrochemical industry. The
synchronicity of these emerging fibre technologies is perfectly encapsulated by ICT itself;
at the same time as they were working on Ardil, they were developing another patented
textile fibre—Terylene. Terylene is the ICI brand name for polyethylene terephthalate
(PET)—a fibre derived from petrochemicals. These two textile products from ICI were
developed concurrently; the 1953 BIF also served as a launch pad for Terylene, with one
side of the dual-aspect stand being used for each fibre. While the Ardil factory at Ardeer
was being built, a pilot plant was producing Terylene in Lancashire. A full-scale production
facility dedicated to Terylene was completed at the end of 1954. It was capable of producing
up to 10,000 tonnes of fibre a year, and was situated in Wilton, in what is now Teesside [73].
ICI invested heavily in and widely promoted both products; however, Terylene ultimately
won, succinctly summarised by this 1957 headline in The Outfitter “Terylene output to be
doubled—but it’s the end of Ardil” [74].

4. Discussion

Ardil represents a unique and important case study in the development of RPFs. Its
lifespan only lasted 22 years from conception to demise, but during that time Ardil was
hugely prevalent. From the first experiments carried out by Astbury in his lab at the
University of Leeds to the practically overnight closure of the Ardil factory in 1957, Ardil’s
story is full of Hollywood-like twists. The huge amounts of finance and time invested show
how strongly Ardil’s backers believed that this could be the future of material science. At
its best, Ardil was a fibre that could simplify manufacturing techniques, address material
shortages, and provide consistent and superior textile qualities such as drape and lustre.
At its worst, Ardil was an expensive experiment that produced inconsistent results, was
not scalable, could never be price-competitive with equivalent fibres such as wool, and
lacked material longevity.

Unfortunately, the popularity and success of petrochemical textiles meant that RPFs
were largely abandoned, and much of the information and research into them became
obscured. In the 21st century, we are seeing a huge reversal in the popularity of petro-
chemical fibres as we discover more about their detrimental impact to the planet. Had we
known then what we know now, research into RPFs might not have died out in favour
of petrochemical fibres. RPFs hold huge potential for the future of sustainable textiles.
A vast quantity of research into this field already exists, but is currently inaccessible for
researchers wishing to build upon it. Archival research has provided more detail and
clarity as to the reasons why Ardil failed, uncovering previously unseen or little-known
material that has helped to build a clearer picture of the history of this once-celebrated fibre.
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This methodology of reflecting on lessons from societies past has been mentioned by the
Centre for Circular Design, Chelsea College of Arts, as part of their TED’s TEN toolkit for
sustainable design [75].

Ardil is a prime example of how and why RPFs met their untimely end as a result of
myriad factors. Perhaps the most important of these was the poor performance of these
fibres in comparison to others available on the market. It was clear that manufacturers
were not always as keen to work with these new manmade fibres as the companies who
promoted them. Another 1957 article in The Outfitter entitled “Test fibres for longer before
we sell them” described how manmade fibres had “bedevilled the outfitting trade since
the war” [76]. Customers were also not as keen to buy Ardil as ICI had hoped, with sales
failing to grow. The struggle for new and experimental fibres to be accepted into a wider
market is an important lesson to be taken forward into contemporary RPF development;
the inherent poor fibre strength that plagued manufacturers at the time could now be seen
as an opportunity, aligning RPFs with alternative, faster fashion cycles [77].

The issues Ardil faced with the supply of the peanut raw material are also relevant to
contemporary RPF research. After the end of the hostilities in WW2 and the subsequent
dissolving of the British Empire, the volume of peanuts imported to the UK reduced mas-
sively, meaning that the economics of utilising peanut waste for textile manufacturing were
no longer favourable. While it was also hoped that Ardil would be cheap to manufacture,
as it largely utilised byproducts from the food industry, it became clear that ICI needed to
be more selective with the proteins they used in order to produce the best-quality fibre.
Therefore, they began to move towards sourcing peanuts directly for producing Ardil,
which was far less cost-effective than using peanut waste as they had initially planned.
This highlights the need for robust future-proofing when designing a circular economy,
ensuring that feedstocks are ideally locally sourced as well as actual waste streams.

Looking into the future of incorporating regenerated protein fibres into a circular
economy, the environmental impact of the production process in terms of both the chemicals
used and the volume of water consumed has to be considered; there has been a lot of
contemporary research done into the replacement of formaldehyde as a crosslinking agent
with more sustainable options, such as polycarboxylic acids; and methods for regenerating
the water used within the process to try and “close the loop” could help alleviate issues with
excessive water consumption. More research would have to be performed to determine the
full environmental impact of these fibres through LCA, to identify which areas need to be
improved and how they could be improved from an environmental perspective.

5. Conclusions

From a modern sustainability perspective, the prospect of importing vast quantities of
produce from overseas is also problematic, with the correspondingly large environmental
impact of transportation of the goods. It is much more attractive to look at processing the
feedstock at a local level and utilising the waste as close to the production and processing
as possible. Within the UK, there is no longer any potential for utilisation of large quantities
of peanut waste, but the UK does have other forms of protein waste that could potentially
be utilised. The majority of food consumed within the UK is actually dairy, accounting for
roughly 27% of the food eaten [78]; therefore, a correspondingly large volume of waste is
generated, with over 330,000 tonnes of milk being wasted every year, giving potential for
RPFs from milk—such as casein fibres—to be explored. However, it should be noted that
the majority of the milk being wasted in the UK is being generated in homes (90%), which
would give rise to logistical problems for collection and ensuring that a uniform feedstock
is obtained [79]. Casein-based RPFs were pioneered within Europe at roughly the same
time as Ardil, with fibres such as Lanital having a similarly short-lived lifetime during and
after WW2, although more contemporary research has been conducted into casein-based
fibres [77].

While the demise of the UK-based RPF Ardil was marked by the sudden lack of
peanuts being exported into England, this does not represent a reduction in the peanut
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waste being generated globally. Indeed, peanut production has seen a marked increase in
recent years, due to an increase in the popularity of peanut oil. Global peanut production
has increased from 31.4 Mt in 2000 to 48.1 Mt in the 2019/2020 season, representing a > 50%
increase in the last 20 years [80]. Global peanut oil production has increased from 4.5 Mt in
2000 to 6.5 Mt in 2021/2022, representing a roughly 43% increase [81]. When processing
peanuts for oil, the waste in the form of peanut meal can be as high as 70%; the global
production of peanut meal in 2019-2020 was 7.7 Mt. As discussed previously, this peanut
meal has a 53.3% average protein content, representing a raw waste protein mass of roughly
4.1 Mt; currently, the main use of this feedstock is animal feed. However, this is a low-
value valorisation route for this waste feedstock, and also poses potential issues with
contamination with aflatoxins. Peanuts are particularly susceptible to contamination by
Aspergillus flavus and Aspergillus parasiticus fungi, which produce aflatoxins that in high
enough doses are lethal to both humans and animals, and low doses can still cause myriad
diseases, including cancer in humans, and have been shown to reduce weight gain and milk
and egg production, as well as causing contamination of milk in animals. These issues do
not stop peanut meal being a highly effective animal feed component, but they do highlight
that it is not a perfect solution to this waste stream, and there is historical precedent to allow
for this huge waste stream to help alleviate the modern world’s reliance on non-renewable
textiles [82].

For both of the feedstocks discussed, as well any waste utilised with the intention
of replacing conventional fibres in the textile industry, care must be taken regarding the
volumes of feedstock required. The textile industry is huge, and if regenerated protein
fibres were to be accepted as a replacement for non-renewable fibres, the feedstock would
need to be able to keep up with demand. This issue would require a collaborative effort
across multiple disciplines to determine whether replacement with RPFs would be feasible,
with potential future work being focused on the opportunities and drawbacks for theses
fibres through SWOT analysis and LCA. It would also be important to learn from past
mistakes and use the critical analysis of why Ardil failed during its initial conception, and
what factors could be used to avoid such failure in the future.
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Abstract: Although there has been some research on how to use short fibers from mechanically
recycled textiles, little is known about how to preserve the length of recycled fibers, and thus maintain
their properties. The aim of this study is to investigate whether a pre-treatment with lubricant
could mitigate fiber length reduction from tearing. This could facilitate the spinning of a 100%
recycled yarn. Additionally, this study set out to develop a new test method to assess the effect of
lubricant loading. Inter-fiber cohesion was measured in a tensile tester on carded fiber webs. We used
polyethylene glycol (PEG) 4000 aqueous solution as a lubricant to treat fibers and woven fabrics
of cotton, polyester (PES), and cotton/polyester. Measurements of fiber length and percentage of
unopened material showed the harshness and efficiency of the tearing process. Treatment with PEG
4000 decreased inter-fiber cohesion, reduced fiber length loss, and facilitated a more efficient tearing
process, especially for PES. The study showed that treating fabric with PEG enabled rotor spinning of
100% recycled fibers. The inter-fiber cohesion test method suggested appropriate lubricant loadings,
which were shown to mitigate tearing harshness and facilitate fabric disintegration in recycling.

Keywords: textile recycling; yarn spinning; inter-fiber cohesion; lubricant; mechanical tearing

1. Introduction

Materials used in textiles have a negative environmental impact; two thirds originate from
petrochemicals, while the production and processing of cotton (CO) requires a high amount of
water and generates a lot of wastewater [1]. The high demand for textiles result in increased
textile waste generation [2]. By using the textile waste as an asset and re-using it as a raw
material in textile production, the environmental impact of the textile industry could be reduced.
By mechanical tearing, recovered fibers can be re-assembled into yarn and, subsequently, into textiles.
However, fiber spinnability and yarn strength is largely affected by the fiber length, which decreases
during tearing [3]. Aronsson and Persson [3] investigated how the condition of worn garments
affected the quality of the recycled cotton fibers from post-consumer denim and single jersey fabrics.
They found that more heavily worn garments had shorter fiber lengths than the less worn ones.
However, after tearing, the fiber length difference between the different degrees of wear was insignificant
for the denim while the single jersey actually recorded significantly shorter fibers for the less worn
fabrics. The authors’ reverse engineering approach revealed that the single jersey was knitted from
fine ring-spun yarns whereas the denim consisted mainly of rotor spun yarns. They argue that the
yarn construction is more important than the degree of wear for the tearing outcome [3].

It has been reported that the decrease in fiber quality during textile tearing makes it necessary to
blend the recycled fibers with virgin fibers to enable the spinning of yarn [4-8]. Further, the choice of
yarn spinning method is limited by the short fiber content. Ring spinning cannot handle such short
fibers. Thus, rotor or friction spinning is used. Limited research has focused on the spinning of fibers
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from recycled textiles. Merati and Okamura [4] used friction spinning to blend recycled fibers with
51% virgin CO, adding a PES filament core that increased the regularity and strength in a yarn of count
30 tex. Wanassi et al. [5] used rotor spinning to produce yarn of 50/50 recycled and virgin CO fibers.
Pre-consumer waste from, e.g., the CO spinning industry have some similarities to torn fibers; the
main one being a high amount of short fibers.

Mohamed Taher et al. [6] managed to incorporate 25% CO waste into rotor spun yarn without
any change in appearance, regularity, or uniformity. Duru and Babaarslan [7] investigated the effect of
the opening roller speed on a 60/40 blend of virgin PES and waste fibers. Khan, Hossain, and Sarker [8]
found that the blend ratio significantly affected the yarn strength of rotor spun yarn, although higher
cylinder speed could increase the quality with a higher percentage of added waste. Several researchers
have performed similar work and adopted similar methods to spin yarn from recycled fibers. The yarn
spinning process and final textile character is greatly influenced by the frictional behavior of the
fibers [9,10].

The friction coefficient is not easily measured between staple fibers due to the difficulties of
controlling a continual addition of normal load on the fibers. For comparison purposes, the frictional
behavior of staple fibers can be measured with a cohesion test. Inter-fiber cohesion is often defined
as the ability of a fiber arrangement to hold its shape or the energy needed to separate a fiber
assembly [11,12]. Fiber cohesion is influenced by fiber friction, the shape of the fiber, and the flexural
rigidity of the fibers, as well as the fiber length and denier [11,13]. As the inter-fiber cohesion is
dependent on fibers’ individual properties as well as the arrangement of the fibers, cohesion tests are
typically comparative tests. Fiber cohesion of staple fibers can be measured dynamically by measuring
the mean drafting force of slivers or rovings with, e.g., a Westpoint cohesion tester or a modified
rotorring. Dynamic cohesion tests measure the force of straightening the fibers and, over a certain draft
ratio, the sliding of fibers, but rarely reach the maximum force needed to break a fiber arrangement.
A cohesion test was developed by Barella in 1953 that measured the minimum twist of cohesion,
which is the minimum twist needed to hold a sliver or yarn together during the tensioning from
a weight [14,15]. A static cohesion test can be performed with a tensile tester on a sliver, roving,
or carded web [16-18]. The American standard ASTM D2612-99 [17] describes a static cohesion test
on slivers and tops. Scardino and Lyons [18] performed a similar test on carded webs where they
normalized the maximum force to the linear density and called it the maximum cohesive tenacity.

When performing fiber cohesion tests on fiber samples treated with different loadings of finishes
and lubricants, the difference between samples shows the lubrication effect on inter-fiber friction [19].
An encouraging effect of lubricant on inter-fiber friction has been shown when the fibers were treated
with an optimum lubricant concentration. The inter-fiber friction is at its lowest when the fibers are
treated at this concentration, and the friction increases on further increase of lubricant after which the
friction may decrease; this effect has been reported in previous studies [9,20,21]. The explanation for
this phenomenon is that there are three zones for the loading of lubrication: (a) low concentration,
where a mono-layer is formed; (b) intermediate zone, where hydrodynamic resistance is created;
and (c) a high loading of lubricant with hydrodynamic flow conditions [9]. Depending on fiber type
and lubricant, the optimum lubricant concentration is usually found between 0.1 and 0.5% [9,20,21].

Polyethylene glycol (PEG) is used in the textile industry to lower friction and, e.g., increase
spinnability or to improve the hand of a fabric [22]. However, it is not a lubricant used in the industry
with CO. Other lubricants often used are hydrophobic oils; however, these are attracted to synthetic
fibers, which makes removal difficult [23]. PEG is non-toxic and soluble in water, which facilitate ease
of application and removal [24,25].

Due to the harsh tearing process, which shortens the fiber length, mechanical recycling of textiles
has traditionally resulted in low value products, such as rags or stuffing for insulation. To increase the
quality of recycled fibers and enable reassembling to yarn and textiles, the fiber length needs to be
retained to a larger degree. This paper describes how a comparative method to quantify inter-fiber
cohesion was utilized to suggest suitable PEG 4000 pretreatment loading on off-the-shelf fabrics before
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mechanical recycling. The effects of variation of the PEG loading upon tearing outcome were studied
for CO, PES, and cotton/polyester (CO/PES) plain weave fabrics.

2. Materials and Methods

2.1. Materials

For inter-fiber cohesion measurement, carded webs of CO and PES staple fibers were made.
CO fibers were 25 mm mean length and had a linear density of 2.0 dtex, which was calculated from
micronaire. PES fibers of 52 mm with a fiber linear density of 2.2 dtex were utilized, as per information
given by supplier.

The fabrics used for tearing were 100% CO, 100% PES, and 50/50% CO and PES blend (CO/PES) of
plain weaves supplied by Whaleys Bradford Ltd.; see Table 1 for analysis and reverse engineering details.
The metric measurement of the weight of a fabric was measured after laundering, using a 1 dm? cutter.

Table 1. Fabric specification.

Fiber Length (mm)
Material  Fabric Surface Weight Warp Weft
Warp Weft
Ring spun, 29 tex Ring spun, 28 tex
2 g spun, g spun,
co 170 g/m 26 threads/cm 25.8 threads/cm 206 27.6
Multifilament, 18 tex Ring spun, 39 tex .
2 ’ g spun,
PES 152 g/m 29.4 threads/cm 22.2 threads/cm Filament 280
Rin, n, 23 tex Ring spun, 23 tex
2 g spun, g spun,
CO/PES 142 g/m 30.7 threads/cm 25.4 threads/cm 254 288

The materials were treated with polyethylene glycol (PEG) 4000, supplied by Merck. The treatment
solutions were prepared by mixing PEG with deionized water heated to 60 °C.

2.2. Methods

2.2.1. Fiber Web Treatment

Fiber batches of 40 g were opened in a La Roche edge opener and carded once in a Mesdan 337A
laboratory carding machine. Each batch was treated with 20 mL PEG solution with concentrations in
accordance with Table 2. The blend CO/PES constituted 50% of each fiber. PEG concentrations were
based on fiber weight, e.g., for 0.25 wt.%, 100 mg PEG was diluted with deionized water. The solution
was sprayed on the fibers using a high pressure spray gun set at a pressure of 0.02 MPa and subsequently
left to dry for 2 h at room temperature. After drying, two 40 g fiber batches were carded twice into 80 g
webs used for inter-fiber cohesion testing; see Figure 1 for a process overview.

Table 2. Concentrations of PEG 4000 in treatment solutions of fibers.

CO Fiber PES Fiber = CO/PES Fiber

0.0 0.0 0.0

0.25 0.25 0.5
PEG 4000 0.5 0.5 0.75
conc. wt.% 0.75 0.75 1.25

1.0 1.0

1.25 1.25
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Fiber Opening Carding Web l

PEG 4000
Solution

2 x Carding

Spraying
Figure 1. Treatment of fiber webs.
2.2.2. Fabrics Treatment

The concentrations for fabric treatments were chosen following the results from the inter-fiber
cohesion tests; see Table 3. We used the higher percentage of PEG to verify the effect in the tearing
process and to see if the fiber length would be preserved with the higher concentration.

Table 3. Concentrations of PEG in treatment solutions of fabrics.

CO Fabric PES Fabric  CO/PES Fabric

0.0 0.0 0.0
PEG , 0.1 02 0.1
conc. wt.% 03 0.7 05

All fabrics were laundered prior to treatment to get rid of any chemicals used in
manufacturing, such as sizing. Laundering was performed according to standard ISO 6330:2012
Textiles—Domestic washing and drying procedures for textile testing. Household detergent was used.
Washing programs from Annex B were followed, both with one washing cycle and four rinses.
The program 6N was used for PES and CO/PES, with a washing temperature of 60 °C. Cotton was
washed twice with a temperature of 92 °C according to program 9N. The treatment of the textiles was
performed by padding and nipping in a Mathis HVF lab scale foulard. Fabrics were folded into three
layers and treated at a speed of 2 m/min. The pressure between rollers was set to 3.5 bar for CO, 4 bar
for PES, and 2 bar for CO/PES. The bath volume was calculated according to each fabric’s water uptake
with 10% added. The fabrics were subsequently flat dried at 50 °C in a drying cabinet.

2.2.3. Inter-Fiber Cohesion Measurement

Ten 250 x 100 mm specimens were cut from each web with the fibers positioned lengthwise.
The specimen weight was 3.3 g (+0.4 g). Each specimen was conditioned in 65% humidity and 20 °C for
24 h before testing and weighed before testing for normalization of the tensile test result. Tensile tests
were performed on a 3 kN Mesdan lab tensile tester with a load cell of 100 N and pneumatic yarn grips.
Starting gauge length was 75 mm and rate of extension was 300 mm/min.

The tensile test was performed along the fiber direction, which means that maximum force,
Fiuax (N), represent the cohesion between fibers. The maximum force was normalized by the web
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strip mass, m (g), to obtain cohesion force (CF) in accordance with Equation (1). Nine replications
were made.

_ Finax
CF = )

2.2.4. Textile Tearing

The shredding process took place at RISE IVE, M6Indal, Sweden. The untreated and treated fabrics
were cut into smaller pieces in fabric cutter NSX-QD350 and then fed twice into a shredder consisting
of four drums. The first drum was NSX-FS1040 with 8 mm long saw teeth, and the subsequent three
drums were of type NSX-QT310 with 4 mm saw teeth. The fabric cutter and shredder were from the
manufacturer New Shun Xing Environmental Technology.

2.2.5. Fiber Analysis

The recycled fibers were analyzed to measure the efficiency of the tearing process with different
pre-treatments of fabrics. Firstly, neps and unopened threads were manually separated from the bulk,
and weight percentage was calculated. Secondly, the fiber length was measured by image analysis.
This method was chosen to include all lengths of fibers, especially short fibers, which can often be
missed in most other fiber measurement methods [26]. A random sample of fibers was carded by hand,
and 0.02 g of these were then carefully aligned and placed on green paper. A high resolution picture
was taken, and from this picture the fiber length was determined by image analysis (Figure 2). This is
a well-established method [26-28].

lv- 3 -

Fiber Carding Fiber aligned and placed on green paper

Frequency (%)

Fiber length (mm)
Fiber length distribution Image processing

Figure 2. Fiber length measurement method.

The mean length of the fibers, [,;, was determined by the following equation, as found in the
literature [29] (p. 138):

Mean length of the fibers (L) = Zz',‘—j;ll = % ()

In the equation, /;; is the mean length of the fibers, /; is fiber length (mm), f; is number of fibers
with the same length, and N is the total number of fibers.
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2.2.6. Yarn Spinning and Testing

The recovered fibers from the textile tearing process were carded in the above mentioned carding
machine and then drawn into slivers in a Mesdan 3371 stiro-roving lab machine, ready for the rotor
machine. The total draft ratio was 1.43.

The rotor spinning of the recycled fibers was performed at RISE IVF in M6Indal on a SDL Atlas
Quickspin lab scale spinning machine. A rotor diameter of 40 mm was used together with an OS21
opening roller. The yarn tenacity was tested on a Mesdan lab tensile tester according to standard
SS-1SO 2062. Residual lubricant in the yarn is likely to affect the inter-fiber cohesion and thereby also
the yarn tenacity. Hence, the yarns were tensile tested, both as received and with the lubricant rinsed
away. The yarn linear density was measured.

2.2.7. Statistical Analysis

The CF test and yarn tensile test data were analyzed for statistical significance. The software
Minitab 17 was used to perform one-way and two-way ANOVA, and Tukey Pairwise Comparisons
and Tukey simultaneous tested the differences of means. A significance level of 0.05 was applied.

3. Results and Discussions

The main drawback of mechanical recycling of textiles is the loss of fiber length. During the
recycling process, the fiber interlocking within and between yarns cause frictional forces to break the
fibers rather than disentangling it. The aim was to reduce the cohesion with the use of a lubricant
pre-treatment and thereby retain fiber length. Further, a method was developed to test fiber cohesion
in order to predict the effectiveness of the tearing process.

3.1. Inter-Fiber Cohesion Measurement

Cohesion test result for CO, PES, and CO/PES fiber webs with different treatment concentrations
of PEG (Table 1) are shown in Figure 3. The trend is that the CF decreases at 0.25 wt.%, after which the
cohesion seems to increase for PES and stay at approximately the same level for CO before increasing
at 0.75 wt.%. For PES fibers, the cohesion decreases at 0.75-1.00 wt.% before increasing again. For both
PES and CO, the CF increase at 1.25 wt.%. The trend for CO/PES is a decrease in cohesion with the
lowest point at 0.75 wt.%. Previous research on how lubricant concentrations affect the friction or
cohesion of fibers show that, after an initial increase, friction decreases and is subsequently followed
by a further increase [20]. Another work found a minimum friction value at low concentration [21].
The low concentration minimum is explained by a mono-layer of lubricant filling the grooves of the
fiber [20,21]. With higher concentration, the lubricant sticks to itself between fibers, increasing the
cohesion between fibers [20]. However, to our knowledge, there is no research that describes the effects
of PEG concentration dependence on fiber-fiber interactions.

The ANOVA analysis on CF results showed that there are significant differences between one or
more treatment concentrations for all fiber types. Tukey pairwise comparisons showed that, for CO,
1.25 wt.% is significantly different from all other concentrations, and for PES, 0.25 and 1.25 wt.% are
the only concentrations significantly different from each other. For CO/PES, 0.75 and 1.25 wt.% are
significantly different from untreated fiber webs, and 0.5 and 0.75 wt.% are significantly different from
each other. The results show that there are trends and some significant differences; however, it will be
the analysis of recycled fibers that shows how the lubricant treatment affects the recycling process.
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Figure 3. Results from developed inter-fiber cohesion test. CF of CO, PES, and CO/PES fiber webs.
3.2. Recovered Fiber Analysis

Recycling was performed on three samples of each fabric material; one test for non-treated
fabric and two with different pre-treatment PEG concentrations. This was to quantify the effect of
pre-treatment on the quality of recycled fibers. A low concentration of PEG 4000 (0.1 or 0.2 wt.%) was
chosen for the three types of fabrics to identify the effect of a small amount of lubricant. Further, a second
higher pre-treatment concentration value was chosen where we tried to achieve the optimal value
(minimum CF) obtained from the results of inter fiber cohesion measurements presented in Figure 3.
Unfortunately, there were some unforeseen experimental difficulties with the CO/PES material, which is
why there is a difference between the higher pre-treatment concentration and the lowest CF detected;
see Table 3 for concentrations on pre-treatments on fabrics.

Table 4 shows the result of the analysis on the recycled fibers. A higher concentration of PEG gave
a decreased fraction of unopened fiber and preserved fiber length for all fabrics. The decrease of neps
and threads is shown to be 21% for CO, 50% for PES, and 18% for CO/PES. As the presence of neps is
an indication of fiber breakage and mechanical stresses [30], the recycling process for treated fabrics is
shown to be gentler.

The length of recycled cotton fibers was 4.3 mm longer for higher concentration treated CO fiber
compared to untreated fabric. For PES, the fiber length difference was even higher; fabric treated
with 0.7 wt.% PEG gave 9.4 mm longer fibers compared to untreated fabrics. Recycled CO/PES fabric
treated with 0.5 wt.% PEG gave 3.7 mm longer fibers compared to untreated fabrics.

For all fabric materials, the tearing process was gentler at the highest PEG loading.
Additionally, for PES, there were areas of melted fibers in untreated recycled fabric, which completely
disappeared for the treated fractions. This could be seen as evidence that there is in fact a decrease of
cohesion during the tearing process for lubricant treated fabrics.

The average length of these fibers increased on PEG treatment of fabrics before the tearing
process, as seen in Table 4. The fiber length distribution for recycled fibers can be seen in Figure 4.
The concentration of PEG affected the fiber length. The change was most pronounced in PES, and it
can be seen that the treatment with 0.7 wt.% PEG gave fibers as long as 28 mm, while the longest for
the 0.2 wt.% PEG was 20 mm and 10 mm for the untreated fabric. Fiber length distribution was also
generally wider after the treatment. This could be due to the fact that the fibers in the treated fabric
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broke less during processing and thus gave a wider range of lengths. These results fall in line with
other results in this work.

Table 4. Fiber analysis of the fiber length and neps and unopened threads. Reference values from

Table 1.
Material Pre-Treatment Neps and Threads Weight %  Mean Fiber Length (mm)
Reference 20.6/27.6
o 0.0 wt.% PEG 23.2% 9.1
0.1 wt.% PEG 21.2% 119
0.3 wt.% PEG 18.4% 13.4
Reference -/28.0
PES 0.0 wt.% PEG 44.4% 7.8
0.2 wt.% PEG 41.2% 15.1
0.7 wt.% PEG 22.0% 17.2
Reference 25.4/28.8
0.0 wt.% PEG 22.4% 9.4
CO/PES 0.1 wt.% PEG 22.4% 129
0.5 wt.% PEG 18.4% 13.1
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Figure 4. Fiber length distributions for (a) CO, (b) PES, and (c) CO/PES recycled fibers.

Effect of lubricant on the efficiency of the tearing process was evident on CO and PES fiber samples,
which is shown in Figure 5. This representation of the recycled fibers shows visually what has been
shown in numbers in Table 4 and fiber length distribution in Figure 4. Especially for PES, the length of
fibers increased with a higher loading of PEG. In Figure 5a,b, it can be seen that the treated samples are
more wooly, less dense and less threads and neps are visible. The CO/PES fiber samples also show
a difference between treatments in Figure 5¢, albeit a less distinct change.
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Untreated

Figure 5. Recycled fibers, 0.05 g of (a) CO, (b) PES, and (c) CO/PES.

3.3. Yarn Spinning

The possibility to rotor spin yarn from 100% recycled fibers was examined to further study the
effect of the pre-treatment by a lubricant. During the preparation, it was discovered that it was not
possible to process the recycled fibers from CO/PES and untreated PES in the drawing frame, as it was
not possible to attain an even sliver. For the CO/PES this can be explained by the high difference in
fiber length between the recycled CO and PES. For untreated PES, carding difficulties are related to
neps of partly molten fibers that appear to have fused together in the recycled fibers.

During the manufacturing of yarn from recycled CO and PES, it was noted that most neps and
threads were removed during the production of sliver and during rotor spinning. This gave the
positive outcome that the yarn quality was largely unaffected by the amount of unopened material.
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The PES fibers treated with 0.2 wt.% PEG were difficult to spin into yarn, which is why we chose
a relatively high linear density for all yarns. The linear densities of the yarns are shown in Table 5.

Table 5. Linear density of rotor spinning yarn.

co PES
PEG conc. (wt.%) 00 01 03 00 02 07
Yarn linear density (tex) 99 98 92 9 104

Tensile test results for rotor spun yarn of recycled CO are presented in Figure 6. It can be seen
that the tenacity of 100% recycled CO rotor spun yarns decrease with the increased concentration
of lubricant pre-treatment even though the fiber length was better preserved. For the recycled PES
yarns (Figure 7), the tenacity increase with the fiber length, even though the concentration of lubricant
is increased.

I Cotton|

Tenacity (cNitex)

Untreated 0.1 wt.% PEG 0.3 wt-% PEG

Figure 6. Tenacity of rotor spun yarn from 100% recycled fibers for CO.

104 I Polyester|

Tenacity (cN/tex)

0.2 wt% PEG 0.7 wt.% PEG

Figure 7. Tenacity of rotor spun yarn from 100% recycled fibers for PES.

To understand the effect of lubricant in the tenacity of recycled yarn, the yarns were washed and
the tenacity was retested after washing. Figure 8 show that the tenacity of each yarn is higher after
washing. Due to the difficulties in producing yarn from PES treated with 0.2 wt.% PEG, the quantity of
yarn was not enough to test the tenacity after washing.
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Figure 8. Tenacity of rotor spun yarn from 100% recycled fibers; before and after washing of the yarn.

When analyzing this result statistically, ANOVA showed that the pre-treatment did not have
a significant effect on CO yarn tenacity, while the washing did. Further analysis with the Tukey
Simultaneous test showed that the tenacity was significantly different after washing for all samples
except for untreated CO. Further, neither treated yarns were significantly different from untreated yarn
before washing.

After washing, only the 0.3 wt.% for CO had significantly higher tenacity than the untreated
samples. For PES yarns, ANOVA showed that both washing and pre-treatment concentration had
a significant effect on the tenacity. The Tukey Simultaneous test confirmed this.

The yarns containing the lubricant PEG had lower tenacity, while the same yarns showed higher
strength after washing. This shows that the presence of PEG alters the mechanical properties of the
yarn as normally longer fibers give a stronger yarn. This is explained by the lubricant effect of PEG;
PEG decreases the cohesion between fibers and thus the strength of the yarn. However, during washing,
PEG is removed and the fiber length influences the yarn strength positively. After washing, the fiber
cohesion between the longer fibers of pre-treated recycled fibers gave strength to the yarns.

4. Conclusions

In this paper, we investigated a method to preserve the fiber length upon mechanically recycling
fibers using PEG 4000 treatment. The lubricant PEG reduced cohesion between fibers in the cohesion
test and in the tearing process. The fabrics disassembled more easily, and the effect was visible on the
recycled fibers. The inter-fiber cohesion test proved successful in predicting a more efficient tearing
process with lubricant treated fabrics. Pre-treatment with PEG resulted in:

e  Decreased inter-fiber cohesion;

e A tearing process with higher efficiency;

e Decreased fiber length reduction during tearing;

e  Enabling rotor spun yarn from 100% recycled fibers.

The lubricating effect on yarn tenacity was also shown by the increase of strength after removal of
lubricant through washing. This further proves the inter-fiber cohesion reduction effect of PEG.

This paper shows the potential of lubricant treatment to decrease inter-fiber cohesion during
tearing and to increase the value of mechanically recycled fibers. As textile waste can constitute many
different fiber types, in the future it would be valuable to study suitable lubricants for different fibers
and different fiber blends.
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Abstract: Research approaches on the use of ecotechnologies like ozone assisted processes for the
decolorization of textiles are being explored as against the conventional alkaline reductive process for
the color stripping of the cotton textiles. The evaluation of these ecotechnologies must be performed
to assess the environmental impacts. Partial “gate to gate” Life Cycle Assessment (LCA) was
implemented to study the ozone based decolorization process of the reactive dyed cotton textiles.
Experiments were performed to determine input and output data flows for decolorization treatment
of reactive dyed cotton textile using the ozonation process. The functional unit was defined as
“treatment of 40 g of reactive dyed cotton fabric to achieve more than 94% color stripping”. Generic
and specific data bases were also used to determine flows, and International Life Cycle Data system
(ILCD) method was selected to convert all flows into environmental impacts. The impact category
“Water resource depletion” is the highest for all the ozonation processes as it has the greatest relative
value after normalization amongst all the impact indicators. Electricity and Oxygen formation were
found to be the major contributors to the environmental impacts. New experimental conditions have
been studied to optimize the impacts.

Keywords: life cycle assessment; normalization method; environmental impacts; ozonation process;
decolorization; reactive dyed cotton textiles; “gate-to-gate” life cycle assessment (LCA)

1. Introduction

Reactive dyes constitute nearly 50% of the worldwide market for the coloring of
cellulose-based fibers [1]. However, the coloration industry faces some general problems
such as faulty or uneven dyeing and the presence of color patches on the surface of the
textile fabrics during coloration and subsequent processing operations [2,3].

To rectify these problems, the normal approach practiced in the coloration industry
is destructive stripping. But, this traditional and commonly employed technique consists
of huge amounts of various oxidizing and/or reducing agents in a single color strip-
ping process, such as hydrogen peroxide, sodium hypochlorite, chlorine dioxide, and the
dichromate salts, as well as thiourea dioxide, sodium hydrosulphite, and decroline [4].
In addition to this, these traditional color stripping methods involve high temperature
and use of chemicals, both of which contribute to ecological pollution loads, huge liquor
consumptions, and high production costs [5,6]. Therefore, a sustainable process needs to
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be implemented to overcome these drawbacks. Previous studies demonstrated the use of
the biological stripping method as an ecofriendly and cost effective approach [4,7]. Recent
studies showed that the photocatalytic system with UV /NaS,0y4, used for color stripping,
was more energy effective, ecological, and a sustainable alternative [8]. In our study, we
have proposed the use of the ozonation process for the color stripping of the reactive dyed
fabric in a pilot scale process. No previous studies are available on the environmental
impact assessment of the designed color stripping process.

A significant contribution to environmental pollution and resource utilization has been
caused by the textile industry [9]. Therefore, the textile industry (TI) is exploring emerging
and cleaner technologies in order to minimize the use of natural resources. Further, the
TI seeks to continuously improving sustainable activity techniques, thus aiming for zero
emissions [10]. In that context, it is important to reduce the amount of textile waste due to
manufacturing defects without increasing the overall impact.

The life cycle assessment (LCA) is defined as a compilation and assessment of the
inlets, outlets, and potential environmental impacts of a process or product through its
life cycle. It is a vital tool to carry out the environmental analysis [11]. LCA is a model to
determine the manufacturing methods either they are sustainable or cyclic production and
find a substitute ecofriendly production process. LCA studies are principally determined
as “gate-to-gate” or “cradle to grave” [12].

For the color stripping process, the environmental impacts of the proposed ozonation
method has to be quantified in order to justify the profile of the process [13]. In our study, we
used gate-to-gate LCA methodology. The detailed color stripping and mechanical property
characterization has already been discussed in a previous paper [14]. The environmental
assessment in our work is based on defining a functional unit color stripping of 40 g of
reactive dyed cotton fabric to achieve color removal, and the determination of different
environmental impact categories for the ozone assisted color stripping method.

The aim of the study was to highlight the main contributors to the environmental
impact of the ozone stripping process and then to find the best conditions for reactive dyed
decoloration. In addition, this work intends to identify and evaluate the potential impact
of the ozonation process used and also encourages the sustainability profile of the process.

2. Experimental Work
2.1. Woven Cotton Textile

A 100% Cellulosic (cotton) woven fabric (150 g/ m?) was implemented in this study.
The cotton fabric was dyed with a 1% reactive dye (C.I. Reactive Black 5). This dyed cotton
fabric was used for the decolorization treatment of the fabric.

2.2. System Considered: Color Stripping Using the Ozone-Assisted Treatment

The ozone-assisted process was carried out using a pilot scale ozone reactor at the
Unilasalle laboratory, France. The ozonation system is described in Figure 1 [14].
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Reactor 6

1 Ozone

Figure 1. Pilot ozonation (1, ozone generator; 2, analyser ozone; 3, venturi injection system; 4,
circulation pump; 5, filter; 6, dissolved ozone analyzer and pH meter) [14].

Ozone is produced by the electric discharge in oxygen provided by liquid oxygen
pressurized bottles. Ozone transfer from the gas phase to the liquid phase is an important
process to obtain the dissolved ozone in water in the reactor. Various techniques of the gas
dispersion are applied in practice and diffusers, static mixer, injection etc. are the most
popular ones [15]. In this study, we used the venturi injection process.

The oxygen O, flow rate is constant at F = 0.3 m3/h, and the amount of ozone
is measured in situ. The excess ozone is then destroyed in a 0.8 kW ozone destructor
ODT-003.

The water bath used was at a fixed volume of 60 L of tap water. The circulation pump
of the reactor has a power of 0.75 kW, and we made the assumption that only 10% of the
power is required. All the experiments are made at room temperature. The pH value
was regulated by adding phosphoric acid (PanReac AppliChem) and sodium hydroxide
(EMPLURA® Merck, Germany). The pH was measured in situ during the ozonation
process.

A Box Behnken experimental design matrix was setup to find the best experimental
conditions for the decolorization with varying ozone concentration, pH, and treatment
time, as described in our previous paper [14].

The 40 g blue dyed cotton fabric was placed in the reactor and subjected to the ozone
treatment. As a result, the treated fabric started to decolorize and the color stripping % was
measured using a spectrocolorimeter (Figure 2).
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E7 E10 | El1

Figure 2. Cotton sample before and after ozonation treatment [14].

In this paper, we only considered experiments with stripping values more than 94%
(Table 1).The best stripping was obtained with experiment E11 performed at pH 5. It had
an ozone concentration in the oxygen gas flow of 85 g/m3 NTP (normal pressure and
temperature) and a treatment time of 50 min. We considered the E11 experiment as a
reference. In the experiments E7 and E8, the treatment time decreased to 30 min only,
while a lower ozone concentration was used in E10 and E12. The E13-E16 experiments all
had less ozone and less time, yet the stripping results were not good as compared to the
reference.

Table 1. Ozonation experimental conditions with color stripping %.

Sr. No. pH Concentration Ozone Time Color Stripping
(g/m® TPN) (min) %
E7 7 85 30 95.1
E8 3 85 30 97.45
E10 7 45 50 94.3
E11 5 85 50 97.6
E12 3 45 50 97.5
E13 5 45 30 94.6
El4 5 45 30 94.1
E15 5 45 30 94.65
El6 5 45 30 93.9

2.3. Material and Energy Requirement

The amount of resources required for the treatment of 40 g reactive dyed fabric was
estimated from the treatment parameters and the characteristics of the devices of the
process (Table 2).

Table 2. Ozone and energy requirements reference process E11.

Sr. No. Inputs from Technosphere Quantity
1 Energy for ozone generation with plasma treatment (kWh) 0.213
2 Energy for the circulation pump (kWh) 0.0625
3 Energy for the ozone destructor ODT-003 (kWh) 0.077
4 Oxygen (Kg) 0.357
a. Oxygen O, and ozone O3 requirements:

The amount of O, required was calculated from the flowrate and the treatment time.
For the reference process E11, the treatment time was 50 minutes. So the amount of O,
required was 0.25 m? corresponding to 0.357 kg of Oxygen as the oxygen ‘O,’ density is
1.429 kg/m?.

The concentration of O3 in the oxygen flow was constant. Thus, the total amount of
O3 produced was calculated from the volume of oxygen ‘O’ gas used. With the oxygen
concentration of 0.85 g/m?, the O3 amount produced was equal to 21.25 g.

b.  Energy requirements: Energy-associated concerns:
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- Ozone generation with plasma treatment: Specific energy required to produce
one kg of ozone from liquid oxygen was 7-13 kWh/kg O3 [16]. An average value
of 10 Wh/g O3 was selected for our study, and thus this energy in the reference
experiment was 212.5 Wh.

- Ozone destructor ODT-003 operated at a power of 0.8 kW, which was associated
with the maximum gas flow rate of 3.7 kg/h [16], or 2.59 m3/h with oxygen
gas. As we used only 0.3 m3/h, then the power needed is 0.092 kW which
when multiplied by the treatment time, yields the quantity of energy used. With
experiment E11, which was carried for 50 min, the ozone destructor energy was
77 Wh.

- Water circulation pump of the reactor: Multiplying the 0.075 kW power by the
treatment time provided the energy used, and for the E11 experiment, it was
62.5 Wh.

- For the reference treatment, E11, the total electricity requirement was 0.352 kWh.

c.  Chemicals

The water bath was made with tap water. In case of the reference process at pH = 5, the
amount of phosphoric acid and sodium hydroxide used were 6.75 and 3.65 g, respectively.

3. Life Cycle Assessment

The LCA was modeled with the SIMAPRO LCA software tool as per the international
standard. The decolorization or color stripping of textiles is a unit process carried out
in the textile production value chain to rectify the faults or unevenness issues occurred
during cotton textile manufacturing. “Gate-to-gate” LCA analysis considers only the
color stripping process to study the environmental profile of the ozone-assisted process.
The method used for the assessment of the environmental impacts was from International
Reference Life Cycle Data System ILCD 2011 Midpoint+ V1.07/EU27 2010, equal weighting.

From the 16 impact categories of the ILCD method, the 6 following have been reported:
climate change; water resource depletion; human toxicity (cancer effects); freshwater
ecotoxicity; mineral, fossil, and ren resource depletion; and the ionizing radiation of human
health (HH).

To compare the significance of each impact category, they were all normalized us-
ing the 2010 normalization factors related to the EU-27 impacts [17]. In this study, the
environmental impacts of a european person annually in 2010 are concerned.

3.1. Goal and Scope Definition

The functional unit was defined as treating “40 g of dyed cotton fabric to achieve
specific decolorization”. Various process scenarios leading to dyed fabric decolorization
were studied for ozone-based color stripping processes. For the proposed ozone-based color
stripping process, the “gate-to-gate” system boundaries considered the decolorization step
for the manufacturing of chemicals and electrical energy (see Figure 3). Dyed woven cotton
fabric manufacturing and chemical transportation were excluded. We hypothesized that the
color stripping process was carried out in France. Production sites of chemicals and energy
were in Europe. The following elements were outside the system boundaries: transport
of chemicals and the fabrication/maintenance of the ozone machine and wastewater
treatment. In this model, tap water was considered to minimize the impacts due to the use
of deionized water or reverse osmosis water. There may be slight variations in the actual
results due to the use of tap water. Moreover, the catalytic process was utilized for the
ozone destruction, and hence the output was considered in terms of energy utilized for the
destruction of the leftover ozone. Drying the samples was excluded from this study as it
did not differ from one treatment to another.
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Dyed fabric
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Figure 3. System boundaries of the decolorization process of the reactive dyed cotton.

Tap water > »| Wastes
Decolorization/
Chemicals and auxiliaries ——» Color Removal »| Emission in water
Process
Electrical energy > — Emission in air

!

Color stripped

fabric

3.2. Life Cycle Inventory

For the ozone-assisted process, the experimental data was used considering the pilot
scale designed machine. The scenarios were determined via laboratory experiments. From
these scenarios, data were obtained to quantify flow inputs (consumed resources) and
outputs (emissions or outcomes of the process). In our studies, data were obtained from
several sources (Table 3). Specific data from experiments carried out in the laboratory
and the production data was collected from the ECO INVENT database. These inventory
data included the production of chemicals, liquid oxygen, and tap water in Europe (RER

datasets), as well as electricity production and distribution in France (FR datasets).

Table 3. The life cycle inventory for the decolorization of 40 g of reactive dyed cotton fabric using the ozonation technique
(reference the E11 experiment).

Inputs Unit Amount Description Source
Phosphoric acid, industrial grade, without water,
. . in 85% solution state {RER} | purification of .
Phosphoric acid & 676 wet-process phosphoric acid to industrial grade, Eco-invent database
product in 85% solution state | Alloc Rec, S
Tap water {Europe without Switzerland} | tap
Tap water mL 60,000 water production | underground water without Eco-invent database
treatment | Alloc Rec, S
Sodium hydroxide, without water, in 50%
Sodium hydroxide g 3.55 solution state {RER} | chlor-alkali electrolysis, Eco-invent database
diaphragm cell | Alloc Rec, S
- Electricity grid mix, AC, consumption mix, at .
Electricity kWh 0.352 consumer, 230 V FR, S Eco-invent database
Oxygen g 0.357 Oxygen, 11qu1d'{RER} |air separation, Eco-invent database
cryogenic | Alloc Rec, S
Outputs Unit Amount Description
Phosphoric acid g 6.76 Wastewater content
Tap water mL 60,000 Wastewater content
Sodium hydroxide g 3.55 Wastewater content

46



Sustainability 2021, 13,1225

4. LCA Results
4.1. LCIA Results and Interpretation for the Reference Scenario

The main environmental impacts are described in Table 4. The total greenhouse gas
(GHG) produced by the ozone treatment was 213 g of equivalent CO,. The water depletion
was 168 L, while the resource depletion was 14 mg equivalent to Sb. The ionizing radiations
were equivalent to 190 becquerel of the U235. The fresh water ecotoxicity was equivalent
to 2 comparative toxic units (CTU), while the cancer human toxicity was calculated at
0.02 x 107® CTU. The normalization method was added to describe the extent to which
the impact categories had a significant influence on the environment [18]. The normalized
factor is the environmental impact caused annually by the activities of an average European,
it is expressed as “person year equivalent”, PEeq.

Table 4. Impact categories and normalized values for the impacts in the ozonation process E11.

Impact Cateeo Unit Value (Unit: See Normalized Value
p gory Column) (Unit: PEeq.)
Climate change kg CO, eq 0.21388189 0.0000235
Mineral, fossil, and ren kg Sb eq 0.00001360 0.000135
resource depletion

ITonizing radiation HH Kbq Upss eq 0.19096354 0.000169
Freshwater ecotoxicity CTUe 2.01311521 0.000229
Human toxicity, cancer effects CTUh 0.00000002 0.000549
Water resource depletion m> water eq 0.16857161 0.002073

The LCA normalized results for every impact category in the ozone reference process
(E11) are displayed graphically in Figure 4, with the same equivalent person year unit. The
four major impacts are as follows: water resource depletion, human toxicity, cancer effects,
freshwater ecotoxicity, and the ionizing radiation HH. The main environmental impact for
the reference process E11 concerned the water resource depletion, as it had the greatest
relative value after normalization amongst all of the impact indicators. From Figure 4, we
observed that there was a minor impact on climate change, as well as the mineral, fossil,
and renewable energy depletion.

Interpretation

Considering the reference E11 ozonation process, we studied the contribution of differ-
ent materials and electricity for various environmental impacts (Figure 5). We observed that
tap water and sodium hydroxide had a negligible share in the environmental impacts. Elec-
tricity contributed greatly to the environmental impacts, such as ionizing radiations, water
resource depletion, and material depletion. Liquid oxygen contributed greatly to climate
change and freshwater ecotoxicity, and, to a lesser extent, ionizing radiation. Phosphoric
acid contributed to the human toxicity and freshwater ecotoxicity.
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Normalized impacts
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Figure 4. The life cycle assessment (LCA) impact indicators normalized for the ozone-assisted decolorization process E11.
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Figure 5. Contribution of different materials and electricity to various environmental impacts: reference process.
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Electricity and oxygen formation are the main contributors to environmental impacts.
This is related to the ozone generation. Indeed, the main electricity consumption was the
ozone generator.

4.2. Process Optimization Regarding Environmental Impacts

As we observed, the environmental impacts were caused by the reference process,
and our aim herein was to find the best conditions in terms of the process optimization so
that we could minimize such environmental impacts. The inventories for each experiment
were calculated according to Section 2.3 (Table 5).

Table 5. Inventories for the ozone experiment.

Sr. No. O; Required Electricity Phosphoric Acid Sodium Hydroxide
kg kWh g g
E7 0.214 0.211 3.72 1.96
E8 0.214 0.211 6.86 3.6
E10 0.357 0.252 3.72 1.96
Ell 0.357 0.352 6.76 3.55
E12 0.357 0.252 6.86 3.6
E13 0.214 0.151 6.76 3.55
E14 0.214 0.151 6.76 3.55
E15 0.214 0.151 6.76 3.55
E16 0.214 0.151 6.76 3.55

When treatment time decreased (Tables 1 and 5), as was the case for experiments E7
and E8, we observed that there was a reduction in the required electricity and O, input
with very good color stripping.

When the ozone concentration was reduced, such as in experiments E10 and E12
(Tables 1 and 5), we observed that there was reduction in the electricity compared with the
reference process. Moreover, we observed very good color stripping.

To take into account both the O3 concentration decrease and the time reduction, the
midpoint experiments of the statistical model (e.g., experiments E13-E16) were selected
(Table 5). We clearly observed that the required electricity and O, input were less than
the reference process. Color stripping was a little bit worst but decolorization still seemed
significant.

4.3. Introduction of the LCA Results

Based on the characterized results, we observed that the E13 ozonation process was
preferable (Table 6). The largest differences in the impacts were observed between the
reference process (E11) and the midpoint of the experiments (E13).

Table 6. Characterization values of the impact categories for the E11 reference, and the E12, E8, and E13 processes.

Impact Category Unit E11 E8 E12 E13
Climate change kg CO; eq 0.21388189 0.13921773 0.20321215 0.13248698
Mineral, fossil, and ren resource depletion kg Sb eq 0.00001360 0.00001072 0.00001191 0.00000956
Ionizing radiation HH Kbq Upss eq 0.19096354 0.11885205 0.16565425 0.10358892
Freshwater ecotoxicity CTUe 2.01311521 1.48916748 2.01922845 1.47962330
Human toxicity, cancer effects CTUh 0.00000002 0.00000002 0.00000002 0.00000002
Water resource depletion m3 water eq 0.16857161 0.10504289 0.12684691 0.08000251

Figure 6 represents the LCA results for the E11 reference, as well as E12, E8, and
E13 processes. Here, the reference ozone process (E11) was compared to the different
optimized processes (E8, E12, and E13). Table 6 shows that the optimized processes E8
and E13 had much lower impact values than E12 process for environmental impacts such
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as climate change, ionizing radiation HH, and water depletion. The reference process
E11 had the highest environmental impacts. In our LCA study based on normalized
results, the atmospheric impacts, especially water resource depletion, exhibited the poorest
performance among every environmental impact category. The reason could be attributed
to the ozonation process setup by utilizing a large amount of water. When we observed
the midpoint of the experiments, we saw that E13 had lower impacts than the reference,
which used less liquid oxygen for the ozone generation and less electricity, thus reducing
the overall environmental impacts. However, we obtained less color stripping, as already
discussed. (Tables 1 and 6).

120% -

100% -

80% -

60% -

40% -

20% -

0%

M E11 reference
ME12 |ess O3
W E8 less time

M E13 less O3+less Time

Figure 6. Comparative LCA results (normalized values) for the E11 reference, as well as the E12, E8 and E13 processes.

5. Discussion

So depending on the color specifications, the optimum value could be selected focusing
either on the color stripping quality or on the environmental impact. If a color stripping
of 94% is enough for example before dark dyeing, then the best conditions would have
the lowest impact. The results obtained with the optimum conditions were good and
comparable to the literature. Previous studies have shown that the reactive black 5 dyed
cotton fabrics were color stripped with 96.1% and 94.4% of the stripping percent, via the
electrochemical method [19].

The environmental impact of the ozone-based decolorization process was primarily
caused by water use and energy consumption. The reactor utilized operates at higher
material to liquor ratios; as the reactor we have used is not dedicated to textiles. The
reactor design needs to be improved in order to increase the amount of fabric that could be
introduced for the treatment. Since the volume of the water in the reactor was large, this
also resulted in the high consumption of chemicals and auxiliaries.
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This study shows that electricity is very important. In fact the overall environmental
impact depends on the electricity mix and in France the electricity mix has lot of nuclear
energy and that’s the reason we have high ionizing radiation HH impacts. Impact categories
are sensitive to the energy mix of the country. If we change the country with less electricity
mix and high carbon content so we have high climate change and less ionizing radiation
impact.

Moreover, the reactor utilized large amount of ozone and thus the liquid oxygen which
is needed for the production of ozone. Thus, the ozone generator was also a contributor,
as discussed previously. In previous studies available on wastewater treatments, the
research findings showed that the ozonation process adds a 6% greater impact on climate
change. This is attributed to the liquid oxygen and electricity production associated with
the ozonation process [20]. In another study on the application of the LCA to the Kraft
pulp industrial wastewater treatment via different advanced oxidation processes, it clearly
depicted that ozonation accounted for a higher environmental impact, owing to energy
consumption produced by the oxygen and ozone [21]. These results coordinate with our
study. The results in this study showed that combining the ozonation with UV-A light
decreased the environmental impact by about 40% [21]. In a similar study on the analysis
of the advanced oxidation process, results showed that high energy consumption was a
great drawback in the ozonation process [22].

6. Conclusions

Considering the technique utilized for the decolorization of cotton textiles using the
“gate-to-gate” LCA tool, we discerned the environmental profile of the process and the
hotspots associated with it.

For the ozone-assisted treatment, the electricity and oxygen formation for ozone
generation were major contributors for the environmental impacts. This could be attributed
to the ozone generation process, which utilized liquid oxygen and included electricity
consumption due to the ozone generator.

The environmental impacts can be reduced with regards to reference process by de-
creasing the ozone input, decreasing the treatment time and by simultaneously decreasing
the treatment time and the ozone input. However, this change in the ozonation parameters
had an impact on the color stripping %.

For the ozone-assisted process, energy consumption and wastewater (pollution) re-
lated impacts were higher. “Water depletion” and “human toxicity cancer effects” were
higher for the selected impact categories. We can reduce the impacts by reducing the liquor
use in the ozonation process. The results obtained from the LCA study of the “gate-to-
gate” provide necessary solutions that could reduce impacts, find possible solutions, and
remodify the technique or process.

This study paves a route to use the ozone-based process for textile processing and
allied industries at an industrial scale. It also encourages us to think and develop technolo-
gies for industrialists looking for sustainable and environmentally friendly alternatives
with lower ecological impacts. Studies on the financial aspects of the process could also be
an interesting research area. For future study, the LCA with different textile decolorization
methods might be assessed.
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Abstract: In the context of the circular economy, materials in scientific development present op-
portunities for material design processes that begin at a raw state, before being introduced into
established processes and applications. The common separation of the scientific development of
materials from design intervention results in a lack of methodological approaches enabling designers
to inform new processes that respond to new material properties. This paper presents the results
of a PhD investigation that led to the development and application of a Material-Driven Textile
Design (MDTD) methodology for design research based in the materials science laboratory. It also
presents the development of the fabrication of a textile composite with regenerated cellulose obtained
from waste textiles, resulting from the MDTD methodology informing novel textile processes. The
methods and practice which make up this methodology include distinct phases of exploration,
translation and activation, and were developed via three design-led research residencies in materials
science laboratories in Europe. The MDTD methodology proposes an approach to design research in
a scientific setting that is decoupled from a specific product or application in order to lift disciplinary
boundaries for the development of circular material-driven fabrication and finishing processes at the
intersection of materials science and design.

Keywords: design methodology; materials science; textile recycling; regenerated cellulose; compos-
ites; fabrication; material design; transdisciplinary; interdisciplinary; circular economy

1. Introduction

A strong focus on the exploration of materials in design and materials science is placed
on finding viable alternatives to materials in existing processes and reducing their environ-
mental impacts [1-3]. Scientific advancements are promising factors to enable sustainable
change in how we use natural resources [4,5]. These specialist processes, however, are
normally removed from a design practice. Technical material developments take place in a
scientific context where, according to Kiichler, in the nineteenth century, “malleable” mate-
rials and new production technologies removed design from the processes of industrial
material manufacture [6]. Miodownik describes the start of a complex materials revolution
in the twentieth century, where discovery and development became a scientific activity
separated from the arts, and argues for a methodological approach in which artists get to
know materials through artistic processes [7]. In the context of the complexity of materials
science, Manzini was the first to suggest that a material should be described not for what
it “is”, but for what it is “used for” and to consider, “how does it work” [8] (pp. 55-63).
Based on this, Karana et al. ask what a material “expresses to us, what it elicits from
us, and what it makes us do” [1] (p. 35). This aligns with Tim Ingold’s argument that
within the realms of anthropology, art, archaeology and architecture, we need a practice
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“with” and not “of” materials [9] (p. 8). He argues against a hylomorphic model where,
“practitioners impose forms internal to the mind on a material world ‘out there’”, but
instead concludes that making is a “process of growth” in which materials are “active”
participants [10] (pp. 20-21). Attempts to integrate design in scientific material research
have led to a new generation of material engagement: materials-by-design [6]. In this
approach, the product end-use comes first, and newly developed materials are made to fit
technological requirements. The field of circular material innovation would benefit from
design-integrated experimentation “with” materials in scientific development in order to
develop new materials and processes fit for the circular economy.

There is a methodological gap for design research based in the materials science labo-
ratory that was established as part of the PhD research of this paper’s first author, using a
literature and a practice review [10]. Acknowledging that the scientific development of
materials takes place in dedicated materials science laboratories, we argue that designers
can expand materials science research by integrating design research tools at the onset of
the material development. The “Krebs Cycle of Creativity”, developed by Oxman, places
design and science opposite each other in a coordinate plate and connects them through
art or engineering [11]. The interactions between these four domains in this cycle evidence
exchanges as “currency” and not a methodological approach as such. Whilst a design-
science practice was pioneered by Buckminster Fuller in 1927 [12], historically, efforts have
been placed on transforming the design method into a scientific one [13]. Karana et al. [1],
Peralta [14], Driver et al. [15], and Rust [16] have listed a range of projects that support the
collaboration between the disciplines of design and materials science. However, product
designers are still determining how to operate in the scientific domain [14,15]. Many design
methodologies place ideas and inspiration [17], a vision [18], or design thinking [19,20]
at the start of the design process. For example, the Design Council’s “double diamond
design process model” is represented by areas of divergent and convergent processes in
two consecutive “diamond”-shaped stages [17] (p. 6). However, the double diamond
methodology is defined by a material selection in the second diamond [21], which is a
method also used in engineering [22], in order to apply the material to specific end products
or applications. Table 1 summarises the constituent elements of existing material design
methodologies in interdisciplinary collaboration: the driver, the methods employed at the
start of the research, the setting in which the research takes place, its outcomes, and the
mode in which the practice takes place. Examples of material design methodologies in
interdisciplinary collaborations are limited. These interdisciplinary projects take place indi-
vidually in separate domains of the laboratory or design studio [1,23-25], or are facilitated
in neutral settings, such as workshops in large-scale projects [26-29]. Moreover, even if
designers work from within the materials science laboratory, the practice with materials
remains within the disciplinary domain of design or science, and the outputs of these inter-
disciplinary collaborations are mostly new material developments or applications. A shift
from a product or material development focus to concentrating on processes with materials
would invert the common design methodology beginning with an envisioned product and
application, as it is found in a materials-by-design approach. The context of circularity in
which regenerated cellulose materials obtained from waste textiles are chemically recycled
is a recent disciplinary domain which would promote such investigation.

Table 1. Drivers, action steps, setting, outcomes, and practice in interdisciplinary material design methodologies.

Title (If Named) and

Author and Year . First Action Step Setting Outcomes Practice
Driver
Thong and Jackson, Product Design Spe;aﬁcahon of » C'om¥nerc1al Interdisciplinary
2011 . material performance Not specified application of new .
Driven Research . . collaboration
[30] criteria materials
Rognoli et al., 2015 DIY-materials Material sampling Design studio Material samples New materials for

[24]

practice design
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Table 1. Cont.

Author and Year

Title (If Named) and

First Action Step

Setting

Outcomes

Practice

Driver
. . Technical and . .
Karana et al., 2015 Mat?rlal Driven experiential Design studio Matgrlal experiences (Material) design
Design (MDD): . . within a material or a .
[1] . - characterisation practice practice
Materials experience . . product
through tinkering
Design-driven Interdisciplinary
Harkésalmi et al., Technical and processIn a . . Application-driven: re searc-h
- material-based Iterative prototyping C (design-science
2017 perceptual qualities X . i . acoustic interior . s
. approach defined by in unspecified setting collaboration) within
[31] of materials elements Lo
an example the disciplinary
application domain
Interdisciplinary
Presentations and materials Interdisciplinary:
Niinimaki et al., 2018 Properties of new assignments Interdisciplinary development: materials science,
[27] materials (hands-on play with workshops material properties; synthetic biology,

similar materials)

application areas;
design ethics

design and art

Barati et al., 2019
[25]

Smart materials

Prototyping material
demonstrators

Design studio

Collaborative
material
development

Interdisciplinary:
design, materials
science

Tubito et al., 2019
[26]

Design-driven
Material Innovation
(DDMI): Materials
and their technology

Envisioning material
and design scenarios

Materials R&D in
parallel to material
conceptualisation;
workshop setting for
the collaboration

New applications
and systems of
materials

Interdisciplinary:
design practice,
materials science,
manufacturing, end
user research

Regenerated cellulose obtained from waste textiles has existed since 2012, and only
a few design prototypes have been produced from scientific research to demonstrate its
potential applications, whilst these interdisciplinary partnerships are difficult to map
when they are not documented [10]. Regenerated cellulose is here produced in a non-
toxic chemical recycling process in which post-consumer cotton is dissolved before it can
be regenerated in a coagulation bath and spun into new fibres [4,32-34]. The scientific
developments with regards to regenerated cellulose obtained from waste textiles suggest its
potential to replace environmentally impactful cotton fibres [35-38]. Practice-based textile
design and materials science collaborations in this field create artefacts to demonstrate the
viability of regenerated cellulose to substitute materials in established processes such as
knitting, weaving, or 3D printing at the product, finishing, and textile processing stages,
from yarn to fabric, in the existing textile value chain, as evidenced in the outputs of these
projects [39]. In this approach that aims for a like-for-like replacement of environmentally
impactful materials, design research cannot intervene into the scientific development of
regenerated cellulose to inform new textile processes. On the other hand, the scientific
achievement of being able to regenerate cellulose from end-of-life textiles with non-toxic
chemicals results in a material that is suitable for the circular economy. Regenerated
cellulose materials sit within the context of the bioeconomy for industries that use biological
materials, enabling a circular bioeconomy [40]. Averting the use of landfills for post-
consumer textiles through chemical recycling technologies would keep resources within
a closed loop. However, scientific research states that cellulose-based materials cannot
be infinitely recycled while maintaining the same quality [38,41]. This may provide new
challenges for textile processes in the circular economy, since recycled regenerated cellulose
materials have a decreased polymer length that would make this material unsuitable for
the established textile value chain. This suggests that circularity requires the need for
intervening with the raw materials at hand before these are manufactured, processed, or
engineered for a specific process or application, as well as textile processes that both enable
circularity and respond to the context of circular recycling.

This paper presents a Material-Driven Textile Design (MDTD) methodology for design
research based in the materials science laboratory that facilitates design intervention at
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the first stage of scientific research, in order to develop new circular processes “with” the
material. The methodology is the result of a PhD research investigation with the hypoth-
esis that textile design research intervening in the scientific development of regenerated
cellulose materials can inform new textile processes inscribed within the circular economy.
The design research was structured around three research residencies in materials science
laboratories (2016-2018): the first two residencies with Dr Hanna de la Motte, the focus area
manager for Circular Materials Ecosystems (Aol Material Transition) and a researcher at
the Division of Materials and Production (Department of Chemistry, Biomaterials and Tex-
tiles; unit Fiber Development), which was then the Bioeconomy Division (Cellulose-based
Textiles Section; Biorefinery Unit) at RISE Research Institutes of Sweden (RISE) [42,43], and
the third residency at the Department of Bioproducts and Biosystems of Aalto University’s
School of Chemical Engineering, in Finland. Each residency corresponds to one of the
three action steps described in the methodology, with the first residencies followed by two
studio practice stages, structuring the activity into stages of action and reflection [10]. The
three stages of the MDTD methodology corresponding to three research residencies in
materials science laboratories were developed at the outset of the research. Section 2 out-
lines the methodological approaches that underpin the development of the methodology.
Sections 3-5 then describe the three action steps of exploration, translation and activation,
and how the methods in each stage developed through practice, leading to a new circu-
lar material-driven process for textile composite fabrication with regenerated cellulose.
Section 6 discusses the MDTD methodology in the context of material design methodolo-
gies in interdisciplinary research and the challenges of its constituent elements when it
is applied by other designers and to other materials. Finally, the conclusion in Section 7
evaluates how design research based in the materials science laboratory can establish new
courses of action for the scientific development of new circular and regenerated materials.

2. The Material-Driven Textile Design (MDTD) Methodological Framework

This section describes the methodology developed in a textile design context, but refers
to “material design processes”, “material design situations” and “material design visions”,
which include textiles. Figure 1 illustrates the three action steps of exploration, translation,
and activation in the author’s Material-Driven Textile Design methodology, in which a raw
material is the starting point of the research and the results are textile or material artefacts
resulting from the new material design processes. Figure 1 also shows which disciplinary
domain informed each action step: the material tests in the exploration stage are informed
by materials science, represented by a diamond shape; both materials science and design
equally inform the material experiments in the translation stage; therefore, the diamond
shape merges with an ellipse; the new material design processes in the activation stage
are then based on the design vision, represented by an elliptical shape. The designer tests,
experiments and designs new material design processes in each action stage by introducing
design techniques into the materials science laboratory. These processes result in circular
artefacts that are compatible with the raw material stage after recycling. The designer can
consequently repeat the methodology to develop processes that respond to the modified
material properties.

The Material-Driven Textile Design (MDTD) methodology is underpinned by the
theoretical context of three methodological approaches, which evolved from the following
principles for a materials design practice situated in the materials science laboratory: action
research and participatory design research for the collaboration with materials scientists to
access, observe, and participate in scientific processes; material-driven design for the focus
of the methodology on exploring new material design processes, which are decoupled
from a specific product or application; and tacit knowledge in a strong design disciplinary
background to inform the transdisciplinary, practice-based work with materials in the tools
and techniques introduced.
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Figure 1. Material-Driven Textile Design (MDTD) methodology [10].

Participatory design in action research can be used to create an equal collaboration
with materials scientists. Whereas action research promotes experiments “in the field,
rather than laboratory” [44] (p. 18), the field for design research in the MDTD methodology
is in fact the materials science laboratory. Action research comes from the social sciences,
but instead of research on others, it argues for a critical self-reflection that can take place
with others, and therefore focuses on the transformation of practice [45]. The MDTD
methodology aims to achieve a change of design practice in a materials science context.
This change of practice follows Kurt Lewin’s iterative cycles of planning, acting, observing,
and reflecting [45]; cycles of action and reflection in constructivist research [46]; and each
research cycle can revise the initial plan [47]. Whereas action research can be performed
individually, participatory design research evolved with the aim of creating change in
society by involving the participants in the research in an equal manner [48-50]. In
participatory action research, a cooperative enquiry is a form of research “with” rather
than “on” people, where “all the active subjects are fully involved as co-researchers in all
research decisions” [49] (p. 145). This methodology can be used for small group research
projects, ingraining the transformation of the participants [49]. As the MDTD methodology
does not focus on the study of scientists, but on the development of new textile design
processes, it can be useful for the development of interdisciplinary collaborative research
between individual design and materials science researchers.

The second methodological approach addresses the practice “with” and not “of”
materials in their raw state [9] (p. 8), and methods for material-driven design. An approach
that puts the material at the start of the design process is “materials driven design”, which
begins with exploration and experimentation to find new opportunities [21] (p. 282). The
“Material Driven Design (MDD) method” of Karana et al. begins with an, “understanding
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of the material” through “tinkering” in order “to understand its inherent qualities, its
constraints, and its opportunities” [1] (p. 41), but differentiates itself from other material-
driven approaches by designing for material experiences through a “product and/or
further developed material” [1] (p. 10). The mastering of the material through “tinkering”
is particularly suitable for materials that are “not fully developed” [1] (p. 41), such as
regenerated cellulose obtained from waste textiles. What the MDTD adds to, or replaces in,
the MDD method is described through the practice in Sections 3-5.

The third aspect is how tacit knowledge informs the evaluation and progression of
the design practice when it is based on craft knowledge such as design techniques. Craft
here explores a “flow of activity” [51] (p. 35) and emerges from “embedded knowledge”
in “the interplay between tacit knowledge and self-conscious awareness” [52] (p. 50). A
recurrent practice with materials leads to tacit knowledge, a specifically intuitive approach
that cannot be described in an instruction for others to emulate, but that practitioners
can apply to other work. The results of the design practice in the MDTD methodology
are analysed with a qualitative assessment of the haptic and visual properties based on
tacit knowledge of the disciplinary background. This assessment is formed by actions
based on “tacit knowledge”, which was first argued by Polanyi to be based on “a rich
understanding and knowledge” that is “gained over life time experience, a theory that
is increasingly applied to design and artefacts” [16] (p. 77). Tacit knowledge in design is
mostly traced back through “reflection-in-action” [46] (p. 49) and becomes evident in the
results of processes and techniques such as those introduced into the materials science
laboratory in the MDTD methodology, as well as in the manifestation of the “technical”,
“sensorial”, and “aesthetic” character of the resulting materials and artefacts [1] (p. 42).

The next sections describe the methods of the three methodological stages of explo-
ration, translation, and activation in order to illustrate the development of the practice
with regenerated cellulose materials in chemical recycling. This research produced two
hundred samples, resulting from the experiments in both the materials science laboratory
and the studio practice [10]. The following sections document key experiments for each of
the action stages towards the development of a new textile composite fabrication process.
Whilst experiments were repeated several times for validation, a selected successful sample
is included in this paper. Including multiple samples into this paper would hinder an
overview of the development of practice through research. The experiments appearing
in this paper are numbered according to the corresponding residency, followed by the
number of the experiment taking place within each residency.

3. MDTD Action Step 1: Exploration

The exploration stage corresponds to the first residency in the materials science lab-
oratory at RISE Research Institutes of Sweden. Latour and Woolgar argue that scientific
processes require an observation “in situ” and claim that from a social science perspec-
tive [53] (p. 37), the observer needs to select a “theme” to delineate the method [53] (p. 35),
which will produce order from the observations. The theme in the design brief for the
first residency was, “to explore the specific properties and processes concerned with the
production of regenerated cellulose in the science laboratory” at the raw material stage [10]
(p. 365). Language barriers in interdisciplinary research were also considered on site
and Wilkes et al. [54] and RISE Research Institutes of Sweden [55], outline that tools for
collaboration are often required in these spaces. By employing design methods—such as
sketchbooks, drawings (Figure 2a), and mapping (Figure 2b)—to document the way in
which both the scientist and design researcher were thinking about textile design research
from within the context of working in the materials science laboratory together, these tools
helped bridge the discipline-specific language and explore visual communication in the
residency [42].
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Figure 2. (a) Drawing of the circular lifecycle of regenerated cellulose obtained from waste textiles;
(b) Mapping of the process for cellulose regeneration with the materials scientist.

3.1. Participant Observation

This stage observed the existing scientific method for the dissolution of cellulose
materials, the scientific analysis of the cellulose dissolution and its suitability in the spinning
process, as well as the scientific method for the regeneration of dissolved cellulose in the
fibre spinning process. The observation was documented with a sketchbook, photography,
diagrams, and process maps, as well as notes and interviews. One key observation was
that when fibres do not dissolve or when the properties of the cellulose dissolution change,
the raw material may not be suitable for fibre spinning. This informed two directions for
the research: whether new textile processes could make use of this otherwise redundant
material, and the lab work follows a scientific method in order to spin a fibre from a
cellulose dissolution, in which design research cannot intervene experimentally, as it
would disrupt the formation of the fibre. A better understanding of the chemical recycling
stage of waste textiles was found when actively performing the scientific processes for
the dissolution of cellulose. The design practice at this stage did not deviate from the
scientific method that was applied in the laboratory in order to engage with the material
properties and the processes as they occur (Figure 3). Participant observation identified the
raw material state in which the design practice would intervene: the cellulose dissolution
before this is being regenerated into a new form [42].

(b)

Figure 3. (a) Cellulose pre-treatment preparation during the first residency at RISE Research Institutes
of Sweden; (b) Pressing and dewatering post-consumer cotton for dissolution.
3.2. Mapping Design Interventions

The exploration stage in the first design research residency aimed “to map how
design can intervene in the production processes for regenerated cellulose in the scientific
laboratory” [10] (p. 365). Interfering with scientific methods involves a high cost due to
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the people, time, and resources involved [53]. Non-invasive design interventions that do
not disrupt the fibre spinning process in scientific research had to be found. Making a film
was found to be a suitable process that designers can explore, with a cellulose dissolution
that is unsuitable for fibre spinning [43]. Regenerated cellulose films can be produced with
shortened cellulosic fibres that are obtained from textiles waste using a cellulose dissolution
with a lower degree of polymerisation that cannot be spun into fibres [42]. Researchers
may extrude, mould, or dry a regenerated cellulose film following a scientific method,
and these are techniques which can be explored through design. Tools and techniques
for moulding the films were explored both with regenerated cellulose in the materials
science laboratory and with bioplastics with similar properties in the studio practice when
access to the laboratory or the material was unavailable due to cost or time constraints [43].
The results were documented with photography, a sketch book, or a “material diary” [56]
(p. 131), and through the resulting samples.

3.3. Process Benchmarking

Process benchmarking was developed from “material benchmarking” [1] (p. 41),
which places the material in a context of similar materials, their applications, and expe-
riential properties. The benchmarking of processes in the MDTD methodology places
regenerated cellulose films into a context of similar cellulose-based materials in order to
identify different processes that employ this material and whether textile qualities can be
achieved by working with such processes. The literature and practice review of current
applications in both science and design found that films in materials science are consid-
ered for packaging applications [40], not for textiles, in order to achieve a sustainable
replacement of cellophane and its properties [57,58], through extrusion and casting into
equal flat shapes [57,59,60]. In textile design, regenerated cellulose film making is not
explored outside of the materials science laboratory. Processes are evidenced in printing
onto film in packaging applications [33] or in other cellulose-based materials for garment
moulding [61], extrusion for architectural structures [62], extrusion of textile yarn [63], and
reactive properties of 3D-printed cellulose film shapes [64]. The results of these processes
are flexible, transparent films that lack haptic and visual textile properties.

3.4. Practice: Material Tests

Material testing, through participation in the scientific research, facilitated the de-
signer’s knowledge of the scientific methods and understanding of how to work effectively
with them. Process benchmarking informed the planning of the design tools and techniques
for the material experiments. Textile design techniques for moulding were introduced in
order to form the film into a range of shapes. The moulds were selected and developed to
generate textile structures such as nonwovens and nets (Figure 4a). After producing a series
of thin round films, a suitable scientific method for material testing was established. The
objective of experiment 1.2, which represents the second experiment in the first residency,
was to test this method in a moulding technique. The materials used were a cellulose
source of post-consumer cotton provided by the laboratory and the ionic liquid solvent
1-Ethyl-3-methylimidazolium acetate (EmimAc) to dissolve the cotton at 70 °C with a
dissolution of 8% cotton in the solvent. The tool introduced for moulding the cellulose
dissolution was a flexible aluminium mesh (Figure 4b). The resulting film was regenerated
in a water-based coagulation bath and dried in an oven for controlled heat (Figure 4c). The
qualitative assessment evidenced that the film bonded to the edges of the metal grid and
broke when being removed. The film shrank when dried. It is hard, brittle, transparent and
with a texture similar to plastic (Figure 4d). The success criteria showed that the film can be
moulded into a fine lace-like shape but evidenced that a different method for regeneration
needed testing in order to achieve flexible films. The first experiments identified bonding
and moulding design techniques for exploring the cellulose dissolution through design.
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(d)

Figure 4. (a) Preparation of tools, materials, and moulds for material testing during the first residency at RISE Research Institutes of
Sweden; (b) Experiment 2.1. Aluminium mesh for moulding the cellulose dissolution; (c) Regenerated cellulose samples drying in the
laboratory oven; (d) Experiment 1.2. Regenerated cellulose lace-shaped film.

4. MDTD Action Step 2: Translation

The translation stage occurred during the second residency at RISE. The translation
stage brief outlined how textile design techniques are introduced into the regeneration
stages of cellulose, “to explore prototyping with regenerated cellulose films in the science
laboratory for a [ ... new value] chain for textiles from raw material to product” [10]
(p. 363). The transdisciplinary methods and the development of the translation stage are
further described in Ribul and de la Motte [43]. Both experiments in this stage considered
“visualising” the material properties and behaviour at a tangible scale using existing design
techniques, as well as the scientific method to “validate” the results with repeatable and
shareable processes in the context of the circular economy [43]. The result is a technical
material archive that demonstrates the prototyping possibilities with the material and
the development of a transdisciplinary material design practice between the two disci-
plines [43]. The translation stage considered circularity in the material’s “past”, where the
results of the experiments were compatible with the raw material state. Mono-material
approaches informed the decisions in the design techniques for the material experiments,
as well as the options for disassembly in order to remove any added material at the end
of life.
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4.1. Visualisation

Before the material experiments began, a wide set of design tools and techniques
informed by the textile design disciplinary background was planned in the design studio
in order to establish various haptic and visual properties (such as flexibility, texture, or
colour) with regenerated cellulose films in textile fabrication and finishing processes.
The techniques introduced to visualise the properties of regenerated cellulose included
moulding, 3D printing (Figure 5a), bonding, and coating. Each technique demonstrated
the limitations of the scientific method in the design techniques: for example, a failed
experiment resulted in a material breaking or an extruded dissolution cellulose regenerated
on impact in a coagulation bath (Figure 5b).

(b)

Figure 5. (a) Sample showing a three-dimensional extrusion of regenerated cellulose; (b) Three samples resulting from experiments
including extruded regenerated cellulose that coagulated on impact.

4.2. Validation

The validation of the material experiments was informed by materials science in
the following stages: (1) by adopting the scientific method in the design techniques, and
(2) by documenting the experiments with a lab book. It was pertinent to the translation
stage that material experiments occurred in the materials science laboratory and that they
used the material that is the focus of the research. The validation of the experiments
with regenerated cellulose repeated the scientific method by introducing variables such
as different waste textiles, solvents, and settings in order to find the most suitable one for
applying textile techniques [43]. A method was found that creates flexible films, which
was then also utilised in residency 3. The method showed which design techniques can be
introduced at the raw material stage and identified where techniques should be discarded
or adapted.

4.3. Practice: Material Experiments

The material experiments followed a similar approach to the “exploration” [21], or the
first step of the “Material Driven Design (MDD)” method in the technical characterisation
of the material by tinkering [1]. In the MDD method, the technical stage is followed by
focus groups and interviews to map the “experiential characterization” [1] (p. 41) that
the material may elicit in products. This was not the case in the translation stage, where
the material experiments progressed towards textile processes with a “knowing-in-action”
and “reflecting-in-action” approach [46] (p. 49) to evaluate the “sensoaesthetic” [7] (p. 69)
properties of the results.

The objective of experiment 2.13, which represents the 13th experiment in the second
residency, was to mould the cellulose dissolution into a three-dimensional form. An un-
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dyed 100% post-consumer cotton textile provided by the laboratory was dissolved using the
ionic liquid 1-Ethyl-3-methylimidazolium acetate (EmimAc) at 80 °C with a dissolution of
5% cotton in the solvent. An additive of sawdust was introduced in order to create texture
and colour, and the tool used in the design technique was a three-dimensional plastic
mould (Figure 6a). The dissolution was then regenerated in an ethanol coagulation bath
and air-dried on a metal mesh. The qualitative assessment evidenced that the composite
shrank less when drying and kept the shape of the mould, while the sample looks like
wood and feels like paper (Figure 6b). This result informed further testing of moulded films
with additive particles in order to reduce shrinking in three-dimensional mono-material
composites. The translation stage identified four mono-material design techniques for the
circularity of the material: colour, texture, print, and form [10].

(b)

Figure 6. (a) Experiment 2.13. Plastic mould for 3D moulding; (b) Experiment 2.13. 3D-moulded film with sawdust.

5. MDTD Action Step 3: Activation

The activation stage is the final action step in the MDTD methodology. Here, the
findings from the exploration and translation stages informed the Material Design Visions
for new textile processes using regenerated cellulose materials obtained from waste textiles.
An iterative cycle of design prototyping took place in the third residency at Aalto Uni-
versity’s School of Chemical Engineering, in order to develop tangible textile or material
artefacts that act “as an embodiment for a hypothesis, realizing the conditions (independent
variables) in an experiment” [65] (p. 95), and materialise a possible future with a material
design process that can be evaluated against textiles resulting from existing processes. The
aim of residency 3 was, “to create a range of textile samples and artefacts that emerge from
a practice with regenerated cellulose materials at the intersection of design and science that
demonstrate [ ... new] textile processes for the circular bioeconomy” [10] (p. 367). The
literature review and process benchmarking in the exploration stage established whether
new processes with the material have been achieved. In this final stage, a “future” cir-
cularity perspective informs design processes that consider working with materials with
modified properties after mechanical or chemical recycling has taken place.

5.1. Material Design Visions

According to Verganti, “envisioning” occurs when a designer creates new meanings
with their design [18] (p. 180). In the MDD method by Karana et al. [1] (pp. 42-43), a
“Material Experience Vision” is the second action step after the technical and experiential
material characterisations have been completed. The properties of chemically recycled
cellulose in existing design techniques in the translation stage informed the development
of Material Design Visions for processes that manifest new forms of “material design” in
a transdisciplinary domain. The envisioned techniques synthesised the results from the
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previous two action steps: (1) the properties of the material in the exploration stage, and (2)
the circular design techniques in the translation stage. Four Material Design Visions were
formed for processes and haptic and visual properties that are distinguished from existing
developments in this field: textile shape and surface manipulation; nonwoven textile
fabrication; colour in the finishing process; and 3D-moulded composites. Prototyping tools
were prepared in the design studio practice in response to the envisioned textile techniques.

5.2. Design Prototyping

If the aim of design is “creating something that does not yet exist (either knowledge or
product) and that fits into the future”, then prototypes help to visualise this new paradigm
and to communicate it in a tangible way [65] (p. 85). Prototypes in research can validate
an idea and are often used for “testing a theory” or a “hypothesis” [65] (p. 95), but can
also play a role in “reflecting on open-ended exploration” [65] (p. 87). The aim of the
prototyping in the activation stage was to develop new textile fabrication and finishing
processes with regenerated cellulose. The prototyping process in itself generated concrete
information about the design to optimise the envisioned textile techniques and to establish
the desired material outcomes. The results of the experiments were therefore qualitatively
evaluated against the haptic and visual properties of textiles such as texture, form, strength,
lightness, drape, colour, composition, and thickness.

5.3. Practice: New Material Design Processes

The final set of experiments produced artefacts that demonstrate the change in the
textile processes obtained through the action research carried out in the materials science
laboratory at RISE. The experiments followed the scientific method described in Section 4.3,
except for the use of the Ioncell solvent, which was developed and patented at Aalto
University [66]. Prototyping either proved or disproved the hypothesis of the Material
Design Visions and refined the techniques employed for creating the final artefacts. For
example, the envisioned 3D-moulded composite technique was discarded due to the
fact that the experiments from the translation stage could not be validated using the
Ioncell solvent. Prototyping, in turn, achieved a new process to fabricate a flexible textile
composite. The composite fabrication process in experiment 3.26, which represents the 26th
experiment in the third residency, used the same 100% post-consumer cotton waste used
in experiment 2.13 and described in Section 4.3, the Ioncell ionic liquid to dissolve it, and
an additive of recycled black cotton fabric. The objective of the experiment was to form a
composite that has haptic and visual textile properties such as drape, handle, lightness, and
breathability. A modified textile printing technique was developed to deposit the cellulose
dissolution [67], which was regenerated in a water-based coagulation bath, and the result
was dried in a humidity-controlled cabinet for 54.15 h, with humidity ranging from 50%
for 20.15 h to 25% for 29 h and 10% for 5 h. The assessment of qualitative properties
revealed a cellulose-based textile composite that feels soft and light and can be draped,
breaking slightly at the edges (Figure 7). The success criteria evidenced the impact of
the drying method on the outcome, informing further experiments. The practice-based
work with the cellulose dissolution in the materials science laboratory established four
new processes as the result of the methodology, which comprise two fabrication and two
finishing processes [10,67]. Each one of these processes evolved in parallel to the others, in
response to the three residencies starting from the exploration of material tests, followed
by the translation of material experiments, and finally the activation of new processes
through prototyping.
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(b)

Figure 7. (a) Experiment 3.26. Textile composite folded onto itself; (b) Experiment 3.26. Textile composite.

6. Discussion

This paper has presented the author’s Material-Driven Textile Design (MDTD) method-
ology, which enables designers to test, experiment and design new material design pro-
cesses at the “raw” stage of their scientific development. This methodology was developed
and applied with an investigation of regenerated cellulose obtained from waste textiles
in the context of the circular economy. As opposed to making a “material selection” for
specific end products [21], the design practice presented in this paper starts from an ex-
ploration “with” the material, proceeds with a “translation” of the design-science practice
and results in an “activation” of new material design processes. The MDTD methodology
offers the opportunity to go beyond an “exploration” of materials close to their raw form.
Moreover, it offers an effective practice-based approach leading to new material design
processes that are scientifically validated and where the haptic and visual properties of the
results can be evaluated against existing processes in textile design.

Table 2 evaluates constituent elements of the MDTD methodology in the context
of interdisciplinary research projects (described in Table 1). The MDTD methodology
distinguishes itself from existing material design methodologies in that it integrates design
practice into scientific development and the scientific method into design practice. The
methodology lifts the boundaries of separated disciplinary domains, in which materials
science and design usually operate, and establishes a setting in which design participates
in scientific research for material development “in situ”, enabling a new transdisciplinary
practice to emerge. Primarily, the MDTD methodology creates a new methodological
framework in which the material at hand and its properties at their “raw” stage are the
drivers that inform new material design processes, decoupled from envisioned products or
applications in the prevalent hylomorphic model of design. In this context, the designer’s
and the scientist’s role does not aim for material or product development, but instead,
the practice “with” the material results in new processes that inform new models for
fabrication and finishing. The context of a circular economy requires a reframing of the
common model of like-for-like replacement in scientific material development, in order to
make new, regenerative approaches possible.

Table 2. Drivers, action steps, setting, outcomes, and practice in the MDTD methodology.

Author and Title (If N.amed) and First Action Step Setting Outcomes Practice
Year Driver
Material-Driven Textile Exploration: participant Based within the New material design Transdisciplinary,
Ribul, 2019 Design (MDTD): Material observation, mapping . . processes “with” fluid integration of
S X P . materials science . . - .
[10] in its raw state and its design interventions, and laborator materials at their raw  design and materials
properties process benchmarking Y stage science practice
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The MDTD methodology resulted in new textile processes inscribed within the circular
economy, including the process for textile composite fabrication presented in this paper.
Circular and regenerated materials can have properties that make them unsuitable for
established processes and applications. The application of the MDTD methodology to a
material in scientific development different from the one described in this paper will have
different limitations and opportunities for design to intervene and develop new processes.
Each “raw” material will require an in-depth exploration before new processes can be
activated. These materials could be related to the disciplinary practice of designers or
present unexplored starting points.

Challenges arising from the application of the methodology by other designers may
be three-fold. The first challenge is that the experiments “with” materials in the three action
stages depend on the tacit knowledge from a broad range of techniques of the designer,
resulting from previous design projects. The second challenge is to avoid defining products
or applications “of” the material early on, which could be explored only after the activation
stage is completed. The third challenge is that designers may limit themselves to the explo-
ration stage and focus solely on material tests. Without the translation stage, the designer
may not identify a range of design techniques and develop a transdisciplinary practice.
Similarly, the exploration and translation stages alone would hinder the development of
new design processes.

The materials science context in the MDTD methodology is imperative. A designer
can mimic scientific processes, but tools or materials may not be available, leading to
speculative outcomes. Embedding the design practice into a materials science laboratory
is recommended even if in the form of short visits and testing, whilst complementing
the research with studio practice to anchor the new processes and results in the design
disciplinary domain. The challenges here can lie in designers establishing collaborations
with materials scientists, access, time, and costs in order to develop new material design
processes, which may lead to the adaptation of the three action stages, as well as to
new methods applied by each designer in order to achieve results. On the other hand,
the designer’s disciplinary background and tacit knowledge may adapt and change the
methods and stages in this methodology.

7. Conclusions

The methodology described in this paper makes a compelling argument for designers
to be active in the materials science laboratory in order to establish new circular material-
driven fabrication and finishing processes. Having created and applied the methodology
in the context of an investigation of regenerated cellulose and its changing properties
in circularity over an extended period of time, the research led to a transformation of
the practice in interdisciplinary design and materials science collaboration into one that
integrates discipline-specific methods. The methodology was structured into three action
stages—exploration, translation, and activation corresponding to three research residencies,
each with its own set of methods. The significance of these three action research stages lies
in their enabling of new courses of action for materials originating in the materials science
laboratory beyond established textile processes and applications. The cellulose-based
composite revealed a new textile fabrication process with regenerated cellulose in a circular
lifecycle, that is mono-material and compatible with the raw material stage while achieving
textile haptic and visual properties. The possible context of use of this textile composite
and its potential applications could form a future research project stemming from this
research using another methodology. The MDTD methodology and its development are
described in this paper in order to support designers who wish to move into a scientific
domain whilst retaining their core design knowledge. Its application by other designers
would enable a transdisciplinary practice for working “with” materials in their raw state
and enable design for circularity in future textile recycling contexts.
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Abstract: Environmental impacts of textile production increased over the last decades. This also led
to an increasing demand for sustainable textiles and ecolabels, which intend to provide information
on environmental aspects of textiles for the consumer. The goal of the paper is to assess selected labels
with regard to their strengths and weaknesses, as well as their coverage of relevant environmental
aspects over the life cycle of textiles. We applied a characterization scheme to analyse seven selected
labels (Blue Angel Textiles, bluesign®, Cotton made in Africa (CMiA), Cradle to Cradle Certified™,
Global Organic Textile Standard (GOTS), Global Recycled Standard (GRS), VAUDE Green Shape), and
compared their focus to the environmental hotpots identified in the product environmental footprint
case study of t-shirts. Most labels focus on the environmental aspects toxicity, water use, and air
emissions predominantly in the upstream life cycle phases of textiles (mainly garment production),
whereas some relevant impacts and life cycle phases like water in textile use phase remain neglected.
We found significant differences between the ecolabels, and none of them cover all relevant aspects
and impacts over the life cycle. Consumers need to be aware of these limitations when making
purchase decisions.

Keywords: textile life cycle; environmental aspects; ecolabel; sustainable textiles

1. Introduction

The urgency of the climate crisis is more present now than ever before, with the
“International Panel on Climate Changes” (IPCC) special report on global warming [1],
more than 11,000 scientists warning of a climate emergency [2], and millions of people on
the streets for the largest climate strike ever seen [3-6]. The scientists describe a close link
between the excessive consumption of a wealthy lifestyle and the climate crisis, naming
the global north as mainly responsible for the historic and current greenhouse gas (GHG)
emissions [2]. One industry with a particularly devastating impact on the environment
is the fashion industry. Apart from a vast contribution to the climate change (in 2015,
the textile production alone was responsible for around 1.2 billion CO, equivalents of
GHG emissions [7]), it is responsible for a whole host of environmental impacts occurring
in different life cycle stages of textile products. These impacts include overuse of water
resources and excessive use of pesticides during cotton cultivation, contamination of water
bodies with untreated wastewater discharged from the textile processing, or pollution with
microplastics during the use phase [8]. From 2000 to 2015, the production of clothing has
doubled [7]. Due to this constant growth of the fashion industry [9], the environmental
impacts associated with textile production are also steadily increasing. This effect was
multiplied by a shift in the fashion industry in 1990 towards a fast fashion concept, which
lead to an uptake in the speed of production and buying cycles.

At the same time, during the past decades, the awareness of the environmental is-
sues associated with the textile production has continuously increased. A recent study
demonstrates that 72% of consumers worldwide would prefer to buy from environmentally
friendly brands [10]. As a result, during the last 40 years, various organizations and initia-
tives emerged using sustainability standards, labels, audits, certificates, or management
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strategies to enforce sustainable value creation generally referred to as environmental
labels and information schemes (ELIS) [11,12]. These include ecolabelling (e.g., Global
Organic Textile Standard, GOTS [13]), umbrella ecolabels (e.g., Griiner Knopf [14]), and
initiatives for sustainable cotton production (Better Cotton Initiative, BCI [15]) and textiles
(Zero Discharge of Hazardous Chemicals, ZDHC [16]). These initiatives aim to make
sustainability assessments of textile products easier and provide guidance for consumers.
However, as the various labels follow different approaches and have different focus, it
remains difficult for consumers to identify relevance and quality of the information the
labels offer.

Recently, several studies were conducted with the aim to review and compare textile
ecolabels. While some publications provide an evaluation of a single label, e.g., Blue
Angel [17] and C2C Certified [18,19], others analyse similarities and differences between
the scope and criteria of different labels. For example, Koszewska provides an overview of
most popular textile ecolabel and their recognisability among Polish buyers [20]. Existing
comparisons between textile ecolabels consider different environmental aspects and life
cycle stages of textiles. Partzsch et al. analyse the effect of the certification on cotton
cultivation in Sub-Saharan Africa with regard to the use of fertilizers, pesticides, and
genetically modified organisms (GMO) for four certification types (Better Cotton Initiative
(BCI), Cotton made in Africa (CmiA), Fairtrade Labelling Organization (FLO), and EU
Organic Regulation) [21]. Targosz-Wrona provides an overview of the label requirements
on chemical residues in fibres and emissions thresholds for the textile manufacturing phase
for the labels EU Flower, Ecological product, Eco-sign, Slovak environmental friendly
product, and Nordic Swan [22]. Henniger compares the requirements of the 15 most
relevant textile labels for the UK market with regard to different environmental aspects
(e.g., water use, deforestation, CO,-emissions) and assessment approaches adopted by the
labels (e.g., life cycle assessment, raw material assessment) [23]. An analysis of the labels
requirements considering all life cycle stages of textile products is carried out by Clancy
et al. for six ecolabels with high relevance for the market in Sweden (EU Ecolabel, Bluesign,
Cradle-to-cradle, Made-by, Textile Exchange, Oeko-Tex) [24]. For each life cycle stage from
design and raw material production to waste management, the authors evaluate whether
the labels provide specific requirements (e.g., a restriction of the use of specific chemicals)
or optional/indirect criteria (i.e., the requirement is not binding or the life cycle stage is
influenced by the requirements for a different life cycle stage). An analysis of the complete
life cycle of textiles, as well as different environmental aspects and hotspots, is conducted
in the study of Minkov et al., who compare similarities and gaps between the requirements
of the Product Environmental Footprint (PEF) and European Flower (EUF) [25]. Although
all aforementioned studies evaluate label requirements, two following questions remain
unclear: (1) Whether the focus of the labels with regard to considered environmental aspects
and life cycle stages of products is comparable and (2) whether the label requirements
address the main environmental hotspots in the life cycle of textiles, and thus contribute to
the reduction of the environmental burden of certified products.

To address this gap, the goal of this paper is to evaluate similarities and gaps between
textile ecolabels and analyse their focus areas concerning covered environmental aspects
and life cycle stages. For this, seven textile ecolabels with different scopes and approaches
for the requirement setting are evaluated with regard to their main characteristics (e.g., type
of communication, scope, etc.), addressed environmental issues (e.g., climate change, water
use, etc.), and covered life cycle stages of textiles. Following labels were selected for the
analysis: Blue Angel Textiles [26], bluesign® [27], Cotton made in Africa (CMiA) [28],
Cradle to Cradle Certified™ [29], Global Organic Textile Standard (GOTS) [13], Global
Recycled Standard (GRS) [30], and VAUDE Green Shape [31]. Further, we analyse whether
the environmental requirements of the labels cover the hotspots with regard to environmen-
tal aspects and life cycle stages of textiles. This paper addresses only environmental aspects
of sustainability, omitting other sustainability dimensions (social and economic criteria)
of ecolabels. It is structured as follows: Section 2 provides an overview of the life cycle
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stages and environmental hotspots of textiles and introduces the characterization scheme
for the ecolabels, in Section 3, a description of the selected ecolabels and methodological
procedure is provided, Section 4 presents the results. In Section 5, the results are discussed,
and Section 6 concludes with a short outlook.

2. Theoretical Background
2.1. Environmental Impacts throughout the Textile Life Cycle

Based on existing literature (see Table S1), five main life cycle stages of textiles can be
identified:
Raw material production;
textile manufacturing;
distribution;
garment use;
textile disposal.

The raw material production phase considers either the growing of natural fibres such
as cotton, wool, silk, and flax, or the manufacturing of fibres made from a variety of raw
material sources, including plant, animal, and synthetic polymers [32]. The main concerns
in this stage originate from either the agricultural production and the attributed intense
use of water and pesticides or the production of synthetic and cellulosic fibres and the
resulting emissions to air and water [32]. One of the most famous examples of the severe
environmental consequences that can occur through cotton cultivation is the tragedy of the
Aral Sea. The increased water diversion for irrigation of cotton fields lead to an insufficient
water supply from its two river sources, causing the Aral Sea to dramatically decrease in
size and water volume since the early 1960s [33].

The yarn and textile manufacturing itself has several steps including sizing, knit-
ting, pre-treatment, dyeing, and finishing. The making up process encompasses, pattern
drafting, producing samples, cutting, sewing, and applying embellishments [34,35]. The en-
vironmental issues in this phase vary from the inhalation of cotton dust during the yarn
manufacturing, to the contamination of wastewater with mineral knitting oils, remaining
pesticides, and leftovers from bleaching, as well as dyes that usually contain heavy metals
and auxiliary chemicals used for finishing. For the distribution phase, the garments are
usually packed in polyester bags and distributed to warehouses or retailers [35].

The garment use phase is characterized by acquisition, use, and maintenance ac-
tivities [34]. It is mainly concerned with washing and drying the garments. Thus, the
environmental impacts are associated mainly with electricity, detergent, and water use [36].
The nature and quality of a fibre can further influence the maintenance of a textile [37].
The quality of cotton fibres, where high quality fibres are not as easy to get dirty, as well as
the difference between mechanical and chemical treatment, can significantly impact the
behaviour of the fabric in use [37].

During the textile disposal phase, sending the apparel to landfills dominates re-use,
recycling, and other end-of-life management activities [34].

2.2. Textile Ecolabels

During the past decades, increasing attention of the consumers to the environmental
and social impacts of products resulted in an increasing adoption of sustainability practices
in business, e.g., eco-innovation and lean management. The latter allow companies to
reduce the environmental burden associated with their production activities, and at the
same time to foster the development of new products, technologies, or business structures,
which increases their overall market viability [38]. As demonstrated in recent studies, the
implementation of Corporate Social Responsibility (CSR) strategies gained importance
for the competitiveness in the textile sector [39—-42]. One of the strategic CSR areas is the
so-called “marketplace CSR”, which includes company’s communication with its suppliers,
consumers, and other stakeholders along the value chain. Particularly with regard to
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the consumer relations, textile producers increasingly adopt ecolabels to demonstrate
(improved) environmental and/or social performance of their goods [41].

Ecolabels are voluntary environmental product information schemes (EPIS), which
are used in order to systematically approach the environmental information of a product.

The mandatory approach to EPIS includes declarations of contents such as food
ingredients, usage, and disposal information, mainly applying to chemical substances and
products. The voluntary approach to EPIS (i.e., ecolabels) leaves it to the market actors
to decide whether to sign or label their product. In the following, the focus is set on the
voluntary ecolabels and declarations. The overall goal of the voluntary environmental
labels and declarations is encouragement of the demand for and supply of the products
that cause less pressure on the environment. This is achieved through communication
of verifiable and accurate information on the product’s environmental performance [43].
Sto et al. [44] demonstrated that product information is usually asymmetrically allocated
between buyers and sellers. This knowledge gap can only be filled through external
support as supposedly offered by ecolabels and EPIS [44].

The ecolabel or environmental declaration should consider the life cycle of a product
or service from production to final disposal. However, the undertaking of a life cycle
assessment is not always necessarily required [43]. Three types of environmental labelling
are further specified by the ISO standards: Environmental labels (Type I), self-declared
environmental claims (Type II), and environmental declarations (Type III) [45-47].

The first voluntary public ecolabels were developed following the introduction of
the German Blue Angel label in the 1970s [11,48], which provided information about
products with the best environmental characteristics in the entire life cycle of a product [11].
They were followed in the next years by a proliferation of eco-labelling and single-issue
certification, as well as the development of individual company private standards [11,48].
Since the 2000s, a large number of ecolabels and other ELIS coexist [11,48].

2.3. Characterization Scheme for Environmental Labels and Declarations

As described in the previous section, three types of environmental labels and declara-
tions are distinguished according to ISO. Nevertheless, as demonstrated in recent studies,
several ecolabels cannot be assigned to any of these types due to different awarding criteria
and formats, which makes it difficult to classify and compare ecolabels [49]. A recently
introduced characterization scheme overcomes this obstacle by introducing 22 attributes
with regard to following aspects of the labels: communication, scope, standard characteris-
tics, governance, and conclusive characteristics [18,49]. In the following, these attributes
and some examples of corresponding label features are shortly introduced. A detailed
description of all characterization attributes and features can be found in the study of
Minkov et al. [18,49].

The aspect communication characteristics includes the following five attributes: ISO
typology (e.g., Type I, undefined), awarding format (seal, rating), multiplicity of covered
aspects (single or multi-aspect), aspects diversity (environmental, social), and end-user
focus (e.g., business-to-business (B2B)). The aspect scope includes the attributes sector
scope (i.e., sector-specific or multi-sector), operational scope (e.g., product, organization),
geographical scope (national, international), awarding criteria scope (product-specific or
generic), application of materiality principle, and life cycle perspective. The aspect standard
characteristics considers compulsoriness (voluntary or mandatory), financing, purpose (i.e.,
idealistic or neutral), and longevity (single issued or renewable). The aspect governance
characteristics includes the attributes governance (governmental, private), verification
(e.g., first or second party), awarding criteria revision, and stakeholder involvement (low,
high). The aspect conclusive characteristics consists of three attributes: Transparency,
comparability, and environmental excellence.
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3. Materials and Methods
3.1. Selected Ecolabels

As stated in the introduction of the paper, this study aims at analysing textile ecolabels
with different scopes and approaches for setting the requirements on the environmental
issues. In the following, the reasons for the inclusion of each label in this study are ex-
plained, and the labels are shortly introduced. Table 1 summarizes the general information
of the ecolabels.

The seven ecolabels were selected considering their relevance as an ecolabel as well as
their relevance for their individual focus area (i.e., cotton production, circularity, recycling).
The Blue Angel Textile label was chosen due to the label’s relevance as the oldest existing
ecolabel. The bluesign ecolabel has a strong focus on chemical use and is considered to be
one of the strictest ecolabels in this area. The Cotton made in Africa ecolabel has a regional
validity for sub-Saharan Africa and is one of the most relevant organic labels with a focus
on cotton with many corporate labels referring to it. The Cradle to Cradle Certified™
ecolabel set a clear focus on circularity and is relevant, as the ecolabel requirements are
specifically based in the Cradle to Cradle concept. The Global Organic Cotton Standard
ecolabel proves its relevance as one of the most commonly used and best known ecolabels.
The Global Recycling Standard is relevant within the special focus area of recycling. The
VAUDE Green Shape ecolabel was chosen for this analysis as a company initiated ecolabel
that was possible to analyse due to its comparably well provided information on the
ecolabels criteria.

3.1.1. Blue Angel Textiles

The Blue Angel Textiles label was established in a cooperation of the Federal Ministry
for the Environment, Nature Conservation, and Nuclear Safety and the German Environ-
mental Agency. The objective of the label is to offer guidance for sustainable products
through four approaches: “Promoting higher environmental standards in the production
process; improving occupational safety and social conditions during production; avoiding
chemical hazards to health in the end product; verifying the product’s fitness for use” [50].

3.1.2. Bluesign®

Under the name bluesign® system, bluesign technologies AG created a network of
chemical suppliers, manufacturers, and brands which are guided by the bluesign® criteria.
The bluesign® system covers all bluesign® criteria, and the bluesign® system partners
based on the management of inputs and responsible actions across the whole supply chain
following five principles: Resource productivity, consumer safety, water emissions, air
emissions, and occupational health and safety [27]. When being awarded the bluesign®
label, all involved parties need to follow certain milestones, for example, a bluesign®
system partner agreement, the certification of chemical products and articles, as well as
labelling [51]. The end-product is labelled a bluesign® product if at least 90% of the used
fabric and at least 30% of the used accessories are bluesign® approved [52]. Part of the
bluesign® system is the bluesign® system substances list. It includes around 900 substances
that are either not permitted (around 600) or subject to certain limitations. Within the
bluesign® system, chemicals are rated as blue, grey, or black. Blue rated chemicals fulfil
all criteria for the final product, the worker, and the environmental release. Grey rated
chemicals can only be used under certain conditions for bluesign® approved materials,
while black rated chemicals fail the criteria and their use is not accepted.
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3.1.3. Cotton made in Africa (CmiA)

The Cotton made in Africa label was designed by the Aid by Trade Foundation with the
goal to improve living conditions for local farmers and promote environmentally friendly
cotton production [28]. The criteria set for the CmiA is two-tier. The first set includes
criteria that determine if farmers and companies can participate in the program. The second-
level criteria are sustainability criteria. The participants in the CmiA programme are not
immediately required to meet all sustainability criteria, but can develop and improve
following a development plan. The criteria follow a traffic light assessment that rates the
status of the criteria as green, yellow, or red [53]. For the entry phase, a minimum of 50%
of the sustainability criteria must be rated as yellow or green. All red and yellow classified
sustainability criteria must have recommendations for possible improvement. In the next
verification after two years, in an ideal case all formerly red criteria are improved to yellow
and the yellows to green. For subsequent verifications, ideally all criteria should now be
rated green and the overall green status should be maintained [28].

3.1.4. Cradle to Cradle Certified™

The Cradle to Cradle approach integrates multiple attributes, such as safe materials,
continuous reclamation and reuse of materials, clean water, renewable energy, and social
fairness [29]. A decisive aspect in the Cradle to Cradle approach is the definition of the
three principles: Eliminating the concept of waste, use renewable energy, and celebrate
diversity [54]. The goal is to achieve a perpetual cycling of ingredients which either
biodegrade naturally and restore the soil or are being fully recycled into high quality
materials for subsequent product generations. Cradle to Cradle therefore defines two
effective material cycles: The biological cycle, able to safely re-enter the biological system,
and the technical nutrient cycle, where products or materials can be recovered at the end-
of-use phase [54]. This approach has been criticized by many scholars due to its theoretical
nature and lacking feasibility [19]. The Cradle to Cradle™ label applies to materials,
sub-assemblies, and finished products. To create a standard that promotes improvement,
the label uses a 5-Level System of Basic, Bronze, Silver, Gold, and Platinum. In order to
qualify for one of the levels, the requirements from all lower levels must be met as well.
The final certification level is determined by the minimum level of achievement in the five
different levels [54].

3.1.5. Global Organic Textile Standard (GOTS)

The GOTS standards was initiated in 2002 at the Intercot Conference and was started
as a certification system in 2006. Its aim is to ensure an organic status of textiles from
harvesting through socially and environmentally responsible manufacturing up to la-
belling. In recognition of the fact that textile production today is nearly impossible without
chemicals, the label defines criteria for low impact and low residual natural and synthetic
chemical inputs [55]. The standard offers two label grades either “organic”/“organic—in
conversion” or “made with (x%) organic materials” /“made with (x%) organic materials—
in conversion” [55]. The criteria focus on compulsory criteria with only expressly stated
exceptions.

3.1.6. Global Recycled Standard (GRS)

The Global Recycling Standard, initiated by Control Union, was passed on to Textile
Exchange in 2011, who also own and administer other standards such as the Content Claim
Standard (CCS) and the Recycled Claim Standard (RCS). The overall goal of the GRS is to
increase the use of recycled materials in products while reducing or eliminating the harm
caused by their production. It aims to concentrate on recycled content, the chain of custody,
social and environmental practices, as well as chemical restrictions [56]. The GRS can be
used for any product that contains at least 20% recycled materials [56].
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3.1.7. VAUDE Green Shape

The Green Shape Label is the corporate label from the outdoor outfitter VAUDE. It
was invented by the company due to the absence of a comprehensive textile label [57].
With the Green Shape Label, VAUDE claims to have “developed its own rating system for
environmentally friendly outdoor products” [57]. According to VAUDE’s online presen-
tation of the label, it “covers the entire product lifecycle with its strict standards—from
design and production to maintenance, repair, and disposal” [57].

3.2. Analysis of the Labels

First, a characterization of the selected labels is carried out based on the characteriza-
tion scheme proposed by Minkov et al. (see Section 2.3) [18,49]. Next, we analyse the label
requirements following a three-step procedure. In the first step, considered environmental
aspects (e.g., water use) and life cycle phases (e.g., raw material production) were identified
based on the documentation of the labels. Then, the label requirements were assigned to
the life cycle stages and environmental aspects of textile products. If a requirement could
not be assigned to one specific environmental aspect (e.g., the prerequisite to use organic
materials influences several environmental aspects including toxicity, water use, and land
use), it was identified as a “general” requirement (see Table 2).

Table 2. Exemplary table for the analysis of ecolabels.

Life Cycle
Step/Env. Aspect

Toxicity Water Use Air Emissions Land Use Recycling

Raw material

General requirements.

production Specific Specific Specific Specific Specific
requirements. requirements. requirements. requirements. requirements.
Textile
Manufacturing
Distribution

Garment Use

Textile Disposal

Finally, we compare the requirements of the labels to the environmental hotspots that
occur in the life cycle of textiles following the procedure proposed by Minkov et al. [25].
This is done based on the hotspots analysis published as part of the Product Environ-
mental Footprint Category Rules (PEFCR) for t-shirts [58]. The latter were developed
within the Product Environmental Footprint (PEF), which aims at providing a harmonized
methodology and rules for the environmental assessment of products under the life cycle
perspective [59,60]. The PEF study provides an overview of the environmental hotspots
on a level of impact categories (e.g., climate change), life cycle stages (e.g., production
of material), and processes (e.g., cotton fibres) with the cradle-to-grave system boundary.
The results of the PEF study [58] were considered for the impact categories that relate to
the environmental impacts with a high relevance in the life cycle of textiles (see Section 2.1):
Climate change (impact on air emissions), water scarcity (impact on water consumption),
acidification (terrestrial and freshwater), and freshwater eutrophication (impact on water
pollution) (see Table 3).

The applied methodological procedure is illustrated in Figure 1.
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Characterization of selected ecolabels

v

Characterization of the labels based on the H Communication, Scope, Standard, Governance
characterization scheme [18,49] & Conclusive characteristics

.

Analysis of selected ecolabels

e.g. toxicity, water use, air emissions, land
use

Y

Analysis of the label requirements with regard
to environmental aspects

e.g. raw material production, textile
manufacturing, garment use

v
Analysis of the identified focus areas of the || e.g. toxicity in the textile manufacturing
labels phase

A
Comparison of the label requirements to the ] e.g.climate change, water scarcity,
environmental hotspots in the textile value freshwater eutrophication
chain

Figure 1. Methodological procedure. White boxes indicate working steps carried out within the methodological procedure;
grey boxes demonstrate examples of the outcomes of each step.

Table 3. Overview of environmental hotspots of a T-shirt for selected impact categories over the life cycle (modified from [58]).

% Contribution

Acidification

Life Cycle Stage Processes Climate Water Scarcity (Terrestrial and Freshvyate'r
Change Eutrophication
Freshwater)
Production of Cotton fibres 23.7 58.3 24.6 75.7
material
Spinning, production of 50 B 6.8 B
cotton yarn (combed) : ’
Spinning, production of
. 3.3 - 4.7 -
Production of cotton yarn (carded)
T-shirt Circular knitting 3.6 - 5.1 -
Fabric dyeing 10.7 - 11.3 -
Yarn dyeing 3.9 - 3.9 5.0
T-shirt assembly 9.1 - 14.2 -
Total production 35.6 - 46.0 5.0
Transportation by Passenger car, average 13.6 - 7.2 -
customer
Use Electricity grid mix 1
stage/Washing kV-60 kV 79 300 40 B
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4. Results
4.1. Characterization of Selected Ecolabels

The results of the applied characterization scheme are shown in Table 4. All analysed
labels show several similarities regarding the communication characteristics, more specific
all have a multi-aspect approach, address both environmental and social and/or health
aspects, and have a B2C focus. Five labels represent a seal, while CmiA and Cradle to
Cradle™ label follow a rating awarding format. A significant difference between the
labels can be detected for the attribute ISO typology. Only the Blue Angel Textiles and
GOTS label are a fully conformant Type I eco-label program. The rest of the labels does
not fully conform with the Type I requirements, and the typology of the CmiA label can
be characterized as “undefined”. With regard to the sectoral scope, three labels can be
characterized as multi-sectoral (Blue Angel Textiles as part of the Blue Angel label, Cradle
to Cradle™, and GRS), while all other labels serve for the textile products only (or cotton
in case of the CmiA label). Except for the CmiA, which is applicable only for the cotton
production in Africa, all labels have an international geographical scope and claim to apply
the life cycle perspective by providing requirements for different life cycle stages of textiles,
e.g., raw material production, textile manufacturing, and use. This attribute is analysed in
detail in the next chapters.

The labels show similarities also with regard to the attribute standard characteristics,
for example, all labels are voluntary and ideals-centric, i.e., serve as a benchmark of
achieving certain ideals or excellence. In contrast to the VAUDE Green Shape, which is a
single-issued label (i.e., is never re-verified), all other labels are renewable (are revised and
reissued after expiration) or improvement-based (CmiA and Cradle to Cradle™), which
means that they require a demonstration of improved performance for a re-certification [18].

The Blue Angel Textiles is the only one quasi-governmental label (i.e., initiated by a
government, but managed by a private company), while other labels are private. Other
governance characteristics are addressed similarly by all labels except VAUDE Green Shape,
e.g., the labels are verified by third party, have regularly revised awarding criteria and
medium to high stakeholders involvement. The VAUDE Green Shape, in contrast, is second
party certified (verification through VAUDE Sports) and does not provide information on
the attributes awarding criteria revision and stakeholders involvement.

All analysed labels have a high level of transparency (only for the VAUDE Green
Shape, the program rules cannot be accessed) and intend environmental excellence (i.e.,
the certification promotes environmental excellence of the product). Five labels have a
medium score for the characterization attribute comparability, since these labels do not
allow a comparison between products awarded by the same scheme, but intend superiority
to non-awarded products. The comparability of the CmiA and Cradle to Cradle™ labels
is evaluated as low, since the comparison of products is difficult due to different levels of
conformity introduced by these labels.
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4.2. Considered Environmental Aspects and Life Cycle Phases

In the following, the results with regard to the considered environmental aspects and
life cycle phases are presented (see Table 5 and Tables S2-S8).

The Blue Angel Textiles label provides requirements for all life cycle stages from raw
material production to distribution, while the use phase and disposal are not considered.
The raw material production stage is considered most extensively compared to other labels,
since all impact categories are addressed and also general requirements are provided.
The textile manufacturing stage is also considered by means of both general and specific
requirements. While a comprehensive requirements set is provided for the toxicity, water
use, and air emissions, two other aspects (land use and recycling) are not addressed in this
stage. For the distribution, few requirements with regard to toxicity, recycling, and land
use are provided.

The bluesign® label addresses two life cycle stages of textiles: Raw material production
and textile manufacturing. For the raw material production, a set of general requirements
is provided, e.g., that all raw materials used must be bluesign® approved. For the tex-
tile manufacturing stage, both general requirements (e.g., availability of a management
system with a plan-do-check-act cycle covering quality, environment/resource savings,
and occupational health and safety) and specific requirements for all environmental as-
pects are provided. Quantitative thresholds are given for the impacts on toxicity, water
use, and air emissions, while for land use and recycling, qualitative targets are provided
(e.g., “packaging shall be reduced ... ”).

The CmiA label is designed for only the cotton production stage, therefore it provides
requirements only for the raw material production, while other life cycle stages of textiles
are not considered. The label provides both general and specific requirements, while the
level of conformity can be achieved on three levels: Red (non-conformity), yellow (partly
conformity), and green (full conformity). Furthermore, excluding criteria are provided,
e.g., use of pesticides banned under the Stockholm Convention on Persistent Organic
Pollutants (POPs), cotton production under irrigation and cutting of primary forest. The
requirements set by the label are mainly quantitative, e.g., sufficient evidence of the risks
and dangers related to the storage of pesticides and application of methods for water
conservation.

The Cradle to Cradle Certified™ label has a strong focus on the textile manufacturing
step. In this step toxicity, water use, air emissions, as well as recycling are addressed, while
only the impacts on land use are not considered. The label requirements follow a 5-Level
System, which sets basic, bronze, silver, gold, and platinum criteria. The differentiation
between basic and platinum criteria is vast and distinct: While for water use in the tex-
tile manufacturing, the basic criteria requires no significant violation of discharge permit
within the last two years, the platinum criteria requires that only water that meets drinking
water quality may leave the manufacturing facility. While raw material production, distri-
bution, and the garment use phases are not addressed at all, in the textile disposal phase,
requirements address the environmental aspect recycling.

The GOTS label addresses the raw material production phase with general criteria,
i.e., requirement on the share of the fibres produced as “organic”. The textile production
phase addresses toxicity, water use, and air emission. For the environmental aspects land
use and recycling, no requirements were identified in this life cycle step. In contrast to the
Cradle to Cradle Certified™ label, GOTS does not set different certification levels. The
requirements are presented as general requirements as well as in relation to the individual
production steps such as dying, printing, and finishing or sizing and wet processing stages.
In the distribution phase, environmental aspects toxicity, air emissions, and land use are
covered, while the garment use phase and the textile disposal phase are not considered.
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The GRS label addresses the raw material production and textile manufacturing
phases. In the raw material production phase, only the environmental aspects of toxicity
and recycling are considered. For the textile manufacturing phase, both general require-
ments (e.g., Certified Organizations are required to have an environmental management
system) and specific requirements (e.g., water use: A drainage plan with understanding
of wastewater flow direction and discharge point is required) are provided. The latter
consider all environmental impacts except land use and are mainly quantitative, e.g., the
rules on the use and storage for chemicals and monitoring of emissions.

In contrast to other labels analysed in this research work, the VAUDE Green Shape
label considers besides the raw material production and textile manufacturing the use
phase of the garment. For the raw material production, only one criteria is provided,
which prohibits any usage of GMO. The general requirements for textile manufacturing
include prohibition and rules for the usage of some chemicals (e.g., motif prints need to
be either water based or based on sublimation) and the requirement that a minimum of
90% of used garment must be certified/declared. A broad range of certification options is
provided, which include supplier certification (e.g., ISO 14001, EMAS), fabric certification
(e.g., bluesign® approved, GOTS), or “eco-fabric” (e.g., organic cotton, TENCEL, chlorine
free wool). Furthermore, specific requirements for toxicity are provided, according to which
compliance with the manufacturing restricted substance list (MRSL) must be assured. In the
textile use phase, environmental impacts on toxicity (high impact care) and air emissions
(the product requires tumble drying, i.e., high energy use and impact on climate change)
are addressed.

Overall, it can be summarized that the Blue Angel Textiles label covers most life cycle
phases in the considered environmental impact categories. Followed by a wide margin, the
GRS and GOTS label also take into account several life cycle phases.

4.3. Overview of Identified Focus Areas of Selected Labels

In the following section, the identified requirements for the environmental impacts
and life cycle phases are presented (see Table 5).

Looking at the life cycle steps, most requirements are formulated for the life cycle
stages raw material production and textile manufacturing. For each life cycle step, both
general criteria and criteria specific to environmental aspects exist. In the raw material pro-
duction step, most labels set only general criteria, i.e., requirements on general cultivation
practices, for example, controlled organic cultivation (Blue Angel Textiles, GOTS) or chemi-
cals, particularly pesticides management (GOTS, bluesign®). The Blue Angel Textile label
addresses all specific environmental aspects, e.g., by providing thresholds for the content
of specific pollutants present in the fibres. CmiA addresses specific environmental aspects
including toxicity, water use, and land use. The GRS label addresses toxicity (restriction of
certain chemicals) and recycling (i.e., recycling content).

The textile manufacturing is extensively addressed by all evaluated labels. Most
labels provide general criteria, which include requirements on environmental management
systems (GRS, bluesign®) or overall compliance of all manufacturing processes with the
local legislation at the production site (GRS, Blue Angel Textiles). Specific criteria, for
example, thresholds for application of chemicals and wastewater quality parameters are
also provided by most labels.

Significantly less focus is set on the distribution, garment use, and textile disposal
phases. Only four of the seven ecolabels address these steps, and no ecolabel set any general
criteria. In the textile disposal phase, none of the environmental aspects are addressed
apart from recycling by the Cradle to Cradle Certified™ label.

Regarding the addressed environmental aspects, toxicity has a clear dominance, and
is covered by all seven ecolabels. The aspects of water use and air emissions are addressed
by six ecolabels, while the aspects of land use and recycling are addressed by only four
ecolabels. The differences in focus on the environmental aspects are not as extreme as the
differences in the life cycle steps.
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4.4. Comparison of the Label Requirements and Environmental Hotspots Identified by PEF

The identified label requirements are compared with the environmental hotspots
identified by PEF. The comparison was performed based on the PEF study for the impacts
water use and air emissions (see Section 3). For other impacts addressed by the labels and
analysed in this work (toxicity, land use, and recycling), no hotspot data was available.
The hotspot in the impact water use was identified based on the impact categories water
scarcity (i.e., water consumption) as well as acidification and freshwater eutrophication
(i.e., water pollution). Only two labels—Blue Angel Textiles and CmiA—provide specific
requirements for water use in the raw material production stage, whereas only CmiA
considers water consumption, e.g., by prohibiting cotton production under irrigation and
setting goals for the application of water conservation techniques. A clear environmental
hotspot with regard to water pollution occurs in the textile manufacturing phase. Here, all
analysed labels (except CmiA that considers only raw material production phase) provide
requirements with regard to the quality of discharged water, e.g., by setting thresholds for
specific pollutants or requiring compliance with local legislation. In contrast to material
production and textile manufacturing phase, water use aspects in the garment use phase
are not addressed by any of the analysed labels, although this stage contributes to one-third
of the total water scarcity impact in the life cycle of textiles (see Table 3). The hotspot for
the impact on air emissions was identified based on the impact category climate change
considered in the PEFCR. Still, it should be noted that air emissions addressed by the labels
include not only the pollutants that contribute to global warming, but a broader set of
substances. The first hotspot arises in the life cycle stage raw material production, which
contributes to over 20% of the total impact (see Table 3). Out of seven analysed labels, only
the Blue Angel Textiles sets specific requirements on air emissions for the raw material
production. The latter include thresholds for sulphur compound emissions, volatile organic
compounds (VOCs), and nitrogen oxides. Air emissions in the textile manufacturing phase
contribute to over one-third of the total impact. This hotspot is addressed by all analysed
labels (except CmiA) using specific requirements. In contrast, air emissions in the use stage,
which according to PEFCR has around 8% of the total impact, are addressed by only one
label: GOTS.

It can be summarized that only one of the hotspots identified by PEF is not covered
by the selected labels: Water use in the life cycle stage garment use. Four out of the
five hotspots are addressed by the Blue Angel textile label, followed by GOTS with three
addressed hotspots.

5. Discussion
5.1. Focus Points and Gaps in the Textile Ecolabeling

According to the applied characterization scheme, all labels show strong similarities
with regards to the analysed attributes, e.g., most labels have an international focus (except
CmiA), operate mainly on the product level, and focus in particular on the end consumer
(i.e., B2C). All labels have a multi-aspect approach and intend environmental excellence of
the certified products. However, the scope with regard to the considered environmental
aspects and life cycle stages significantly differs between the analysed labels. While
the labels have a comparably similar focus with regard to toxicity and water use in the
raw material production and textile manufacturing phase, other impacts (e.g., land use)
and life cycle stages (e.g., distribution and use phase) are considered sporadically by
different labels. Furthermore, the way the requirements set significantly differ from label
to label, i.e., a label provides only general requirements, only specific requirements, or
both. This can lead to large differences in the broadness and strictness of the provided
requirements. For example, general requirements for cotton cultivation stage include
sourcing of organic cotton. Although organic production usually leads to a reduction of
fertilizers and pesticides use, it does not set any restrictions on water use (e.g., as it is done
by the specific requirement set by the CmiA label). Nevertheless, cotton cultivation is
usually associated with high water consumption, which remains not addressed if only a
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general requirement is applied for this life cycle stage. In the textile manufacturing phase,
general requirements include, for example, implementation of environmental management
on a company level, which may reduce environmental impacts that are not directly related
to the product, but the organization as a whole (e.g., waste management). In this case, the
label with both types of requirements (general and specific) has an advantage over the
labels that adopt only a general or specific requirement.

It can be summarized that although the analysed labels have strong similarities
(according to the characterization scheme), they are not comparable due to large differences
between considered life cycle stages and environmental impacts, as well as the way the
requirements are set (i.e., general or specific). These findings are similar to the results of
Clancy et al. who demonstrated different scopes of six textile ecolabels with regard to
considered life cycle stages [24]. The authors demonstrate that a strong focus is set on
the resource acquisition/farming, production of yarn/fabric, and garment manufacturing
phases, which is in line with current study. The focus on the use phase was identified for
three labels, which is not confirmed for the labels analysed in the current study. Possible
reasons for this are discussed later in this section.

With regard to the environmental impacts, it can be seen that the hotspots (water
use and air emissions) in the raw material production and textile manufacturing phase
are covered by most labels. In contrast, the hotspot related to the water use in the textile
usage phase remains a gap despite its high relevance. For the use phase, only toxicity
and air emissions are explicitly addressed by one label, while water is not addressed at
all. Of course, it is questionable whether and how producers and consumers can influence
this life cycle phase, especially explicitly. Even though some studies demonstrate that
fibre and garment type can influence consumer behaviour, they also show that laundry
practices are highly dependent on cultural and country specific effects (habit of hand
washing, quality of washing machines, use of tumble dryers) [61,62]. They are further
linked to garment use, social auditing, cultural norms, garment aesthetics, life stage,
and household arrangements [63]. The extent to which producers and consumers can
influence laundry practices is therefore complex, and further research is needed to identify
which requirements can sufficiently influence the impacts associated with the use phase
of textiles. Therefore, although the labels Blue Angel Textile and GOTS provide some
criteria for the use phase (e.g., the tolerance of change in dimensions during washing
and drying or (colour) fastness to washing, perspiration, rubbing, light, and salvia) they
were not considered for the evaluation of the use phase in this study. The analysed labels
therefore leave out some crucial environmental aspects and life cycle steps, especially in
the downstream life cycle stages. For this reason, the claim that the textiles sealed with one
of the analysed labels are produced in an environmentally friendly manner can only be
partly confirmed.

The ecolabels’ function, as defined in chapter 1.2, is to fill a gap in the consumer’s
knowledge about environmental product information that the consumer cannot obtain
on their own [44]. The ISO norm 14,020 further claims that an ecolabel shall consider
the life cycle of a product or service from production to final deposit [43]. The fact that
the distribution, garment use, and garment disposal steps are neglected by the analysed
ecolabels shows that this is not necessarily the case. It is therefore questionable if these
ecolabels successfully fill the environmental information gap as they ought to.

One solution to increase comprehensibility given the large number of different focus
areas of the ecolabels is an umbrella ecolabel. The idea of such an umbrella ecolabel is to
form one ecolabel that represents compliance with many different ecolabels, each with
different focus areas, so that the umbrella label addresses the sum of important aspects.
Consumers can then rely on this umbrella label, instead of familiarizing with various indi-
vidual ecolabels. One such umbrella label is The Griiner Knopf, which has been developed
by the German Federal Ministry for Economic Cooperation and Development and was
introduced in September 2019 in Germany [64]. The Griiner Knopf is based on recognized
ecolabels in the areas of social and environmental sustainability. For environmental sustain-
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ability, so far, nine ecolabels are named that qualify as a basis for the Griiner Knopf. Out of
those nine ecolabels, four were analysed in this article: GOTS, Blue Angel, bluesign®, and
Cradle to Cradle Certified™ (silver). The requirements for environmental sustainability
are set by the Griiner Knopf in the areas of waste water, air emissions, chemical residues,
chemicals harmful to health, chemicals harmful to the environment, EU Chemicals Reg-
ulation REACH, biodegradability, use of natural fibres, and use of synthetic fibres [64].
These requirements focus only on textile production, leaving out all other life cycle steps.
The Griiner Knopf ecolabel therefore, so far, does not add to the existing ecolabels when it
comes to environmental sustainability, or the needed informational value.

5.2. Limitations of Results

Seven labels with different scopes were selected for the evaluation. Although the
selected labels are broadly applied in textile sector, they cannot be seen as a representation
of all existing textile ecolabels.

According to the analysed life cycle steps and environmental aspects, five focus
areas (toxicity, water use, air emissions, land use, recycling) were identified. However,
the analysis solely considers whether these focus areas are addressed by the labels, but
does not evaluate how strict the criteria are. For example, the differences between the
thresholds for the emissions in water during the textile production set by different levels
are not evaluated. Therefore, a quantitative comparison of the criteria adopted by different
labels or definite statements on the quality of those criteria or the ecolabels themselves is
impossible. The results merely present if environmental aspects are explicitly addressed in
a certain life cycle step, but do not inform about the quality or quantity of the criteria. The
seven ecolabels themselves are not directly comparable nor are the differently established
criteria. An effort to make the criteria comparable would need to include a way to break
down the different approaches and label structures. For this, an approach would be needed
to make a single set of requirements comparable to a five level system as well as a traffic
light system of requirements adopted by some of the evaluated labels.

The analysis of the hotspots in the textile life cycle includes only the aspects water
use (consumption and pollution) and air emissions (based on the PEFCR impact category
climate change). Other hotspots could not be evaluated due to missing data. Nevertheless,
existing literature highlights further hotspots. As demonstrated in several studies, toxicity
effects are particularly relevant in the raw material production (e.g., due to application
of pesticides in the cotton cultivation [65,66] or input of chemicals during the production
of man-made fibres [67] and textile manufacturing (e.g., mainly due to the input of dyes
and auxiliary materials during the textile finishing) phases. While all labels (except CmiA)
have a strong focus on the textile manufacturing step, for which several restrictions and
thresholds with regard to the usage of toxic substances are provided, toxicity impacts in the
raw material production stage are addressed only by three labels. Still, toxicity in the raw
material production phase is indirectly addressed by other labels by means of the general
criteria like organic cultivation and/or compliance with the legislation on the regulation of
chemicals. Another relevant hotspot is land use in the raw material production, which is
however addressed only by two labels: Blue Angel Textiles (requirement to source cellulose
from wood cultivated according to sustainable forestry management principles) and CmiA
(e.g., cutting primary forest is an exclusion criteria, further requirements are available).
Production of natural fibres usually leads to the cultivation of a monoculture on large areas.
This can lead to such environmental impacts as loss of biodiversity [68] or an increase of
wild fires, e.g., in the case of eucalyptus forests, which are often used as a raw material
for the production of cellulose fibres [69]. All these aspects are underrepresented in the
requirements of the labels.

The analysis further disregards unmentioned environmental aspects. For example,
microplastics pollution, which are a relevant environmental aspect, as the use of fibres
based on petrochemicals is constantly increasing [8]. This affects environmental aspects
such as air emissions during raw material production and emissions to water during the
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garment use phase. With each washing cycle, microplastics enter the ecosystem. As this
specific environmental aspect was not included in any of the criteria, it was not included in
the analysis even though it is a relevant aspect.

A further limitation to the results is that due to the scope of this research, it was not
possible to consider the social criteria of textile production. Hence, even though some
of the labels address social criteria, these were not evaluated. Including the element of
social criteria makes the discussion, especially around the understandability of ecolabels
for consumers and use of an umbrella ecolabel, even more complicated.

6. Conclusions

The goal of this paper was to characterize selected labels to identify their strength
and weaknesses as well as to determine whether they address all relevant environmental
aspects over their life cycle. The analysis showed that none of the selected labels considers
all relevant life cycle phases or all relevant environmental impacts. While a clear focus is
set on the upstream life cycle phases and for the environmental aspects toxicity, water use,
and air emissions, significant gaps in the downstream phases could be identified. Overall,
the Blue Angel Textile and the GOTS label performed best. This questions whether the
ecolabels are able to fill consumers” information gaps for environmental information as
well as lead to more environmental friendly consumption and products.

Based on the presented results of the analysis, several recommendations for policy
and practitioners can be derived. The use phase of textiles needs to be considered, because
impacts arise due to water and electricity use for washing as well as maintenance of textiles.
However, impacts due to water use and electricity, which highly depend on consumer
behaviour, are challenging to include in a label. Rather, a reduction of impacts should
be reached by awareness rising of consumers. The detergent sector attributes impacts
of water use and electricity for washing to the detergents life cycle and is carrying out
awareness rising campaigns to change consumers washing behaviours for several years
now. By teaming up on these awareness raising campaigns, the use phase of textiles might
be reduced in the future. This aspect maintenance should be included in labels as it can
be more easily measured and does not fully rely on consumer behaviour, e.g., certain
companies are now offering lifelong maintenance and repairs. Further, the mandatory
use of labels should be discussed. There are several reasons why ecolabels are mostly a
voluntary policy instrument (e.g., costs for company and consumer). However, due to the
sever impacts of the textile sector, a mandatory application of labels should be considered,
similar as it is done for energy intensive products (e.g., European energy consumption
labelling scheme). Different approaches are possible, e.g., deriving a mandatory European
label for textile or defining clear benchmarks with regard to environmental impacts that
need to be fulfilled by all companies on the European market. One option to do that
could be the use of umbrella labels as they enhance not only comprehensibility, but also
bring the best of different labels with regard to considered aspect and well-formulated
criteria together. For the voluntary market, strengthening exiting well-performing eco
labels like the German Blue Angel by carrying out information campaigns to inform more
consumers about these labels, and therefore increasing the pressure for more companies
to label their products. Further, all labels should be working on including unaddressed
relevant environmental impacts.

Supplementary Materials: The following are available online at https://www.mdpi.com/2071-1
050/13/4/1751/s1, Table S1: Textile LCA studies in the literature, Table S2: Blue Angel Textiles,
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56: GOTS Global Organic Content Standard, Table S7: Global Recycled Standard (GRS), Table S8:
VAUDE Green Shape.
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Abstract: For the textile industry to become sustainable, knowledge of the origin and production
of resources is an important theme. It is expected that recycled feedstock will form a significant
part of future resources to be used. Textile recycling (especially post-consumer waste) is still in its
infancy and will be a major challenge in the coming years. Three fundamental problems hamper a
better understanding of the developments on textile recycling: the current classification of textile
fibres (natural or manufactured) does not support textile recycling, there is no standard definition
of textile recycling technologies, and there is a lack of clear communication about the technological
progress (by industry and brands) and benefits of textile recycling from a consumer perspective. This
may hamper the much-needed further development of textile recycling. This paper presents a new
fibre classification based on chemical groups and bonds that form the backbone of the polymers of
which the fibres are made and that impart characteristic properties to the fibres. In addition, a new
classification of textile recycling was designed based on the polymer structure of the fibres. These
methods make it possible to unravel the logic and preferred recycling routes for different fibres,
thereby facilitating communication on recycling. We concluded that there are good recycling options
for mono-material streams within the cellulose, polyamide and polyester groups. For blended textiles,
the perspective is promising for fibre blends within a single polymer group, while combinations of
different polymers may pose problems in recycling.

Keywords: textile; recycling; circular fashion; polymer structure

1. Introduction

The current textile industry uses large amounts of non-renewable resources and
applies hazardous substances and polluting processes. On top of this, the ever-spreading
trend of fast fashion has led to fast-fashion retailers selling clothing expected to be discarded
after being worn only a few times [1]. Hence, new solutions to reduce the use of (virgin)
resources need to be developed and implemented. One of the proposed routes is to increase
circularity in the textiles and clothing industry [2].

However, what is the definition of circularity in relation to the textile industry?
Circularity is a concept that originates from the field of industrial ecology, combined
with circular design concepts such as cradle to cradle [3,4]. The underlying concerns are
the ever-increasing depletion of non-renewable feedstock. Circular solutions thus aim at
fulfilling societal demand while minimising the input of virgin resources. Circular concepts,
therefore, go much further than just recycling materials into new products. As stated by
Rosa et al., an actual transition towards a Circular Economy requires relevant changes
along the whole value chain, not only for waste generation and resource use but also for
adopted market strategies and business models [5].

Several circularity strategies exist to reduce the consumption of natural resources and
materials and minimise waste production. They can be prioritised according to their levels
of circularity, i.e., the 10R-strategy [6]. The hierarchy of circular solutions relevant for the
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textiles and clothing market segments can be presented in Figure 1, which was built on this
10R-strategy.

Rethink
Business models fashion industry
Consumer behavior
Design for recycling

Reuse
Garments to 2* hand market
Fabric recycling

Recycle
Fibre recycling
Polymer recyding
Monomer recycling

Recover
Energy

Figure 1. Different options for circular textiles based on the 10R-strategy. The higher in order, the
more preferable and sustainable the options are.

Ideally, waste is prevented by changing consumer buying behaviour, wearing clothes
for a longer period, implementing other business models in the fashion industry such as
textile rentals or by applying design for longevity principles (Rethink). Ideally, when a
garment is discarded, it is reused by another customer through the second-hand market.
When the garment is no longer wearable, it can be converted into a product of lower
value, such as wiping rags (Reuse). When the fabric is no longer usable as such, recycling
techniques come into play. Here, a distinction can be made between fibre, polymer or
monomer recycling (Recycle). When recycling is also no longer possible, recovery of energy
(Recover) is the final option.

In this publication, we focus mainly on the Recycle part. According to Directive
2008/98EC [7], recycling means ‘any recovery operation by which waste materials are
reprocessed into products, materials or substances, whether for the original or other
‘purposes’ [8]. The emphasis in our publication is on the options for recycling textile fibres
back into textiles, but other end-uses of recycled fibres are also mentioned.

Initiatives and technologies for textile recycling are emerging rapidly, and similarities
with plastic recycling are apparent. However, for textiles, the large variety of materials used
(i.e., fibres, auxiliaries) combined with a high level of structural complexity is substantially
different. For a better understanding of developments in textile recycling, we encountered
three fundamental problems.

The first is the definition of the classes of textile fibres. The various fibre types
are classed as either being natural (vegetable, animal, mineral) or artificial (regener-
ated /natural, synthetic and inorganic) [9,10]. However, it is much wiser for recycling
purposes to classify the fibres based on their main chemical bonds instead of their origin,
as fibres with the same kind of chemical bonds usually have similar chemical and, often,
physical characteristics. In this publication, we propose a new classification of textile fibres
that matches recycling technologies.

A second issue is the classification of recycling technologies. There is no standard
definition, and many descriptions are used for textile recycling [11]. Sandin and Peters
propose a “topology of textile reuse and recycling” based on the level of disassembly of the
recovered material (fabric, fibre, polymer/oligomer and monomer recycling) [12]. They
state that the “systematisation of recycling routes into mechanical, chemical and thermal
ones is ambiguous and questionable”. We support this statement, but at the same time, we
argue that the classification based on disassembly is also not entirely suitable. In this paper,
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we combine the two approaches into one new classification of textile recycling based on the
level of disassembly combined with mechanical, physical and chemical recycling methods.
This approach is based on the molecular structure and structure/properties relation of the
polymers that make up the fibres, enabling us to unravel the logical and preferred recycling
routes for the various types of textile fibres.

The last problem we face is the lack of clear communication about (1) the techno-
logical progress by companies and brands and (2) the benefits of textile recycling from a
consumer perspective. Wagner and Heinzel state that “consumers’ awareness, attributed
importance, and perceived value become crucial for the success of recycled synthetic textile
products” [11]. The choice between virgin and recycled textile products depends on the
perceived benefits or disadvantages. Recycled content is often thought to be synonymous
with low quality, but we show that the final quality strongly depends on the type of fibre
and the technology used.

The main aim and novelty of this work is the design of improved classification
systems for textile fibres and textile recycling. Our hypothesis is that an approach based on
polymeric structures contributes to a better understanding of textile recycling and a better
definition of the challenges ahead.

We explain our applied methods in Section 2. In Section 3, our main results are
presented, i.e., a new classification system of textile fibres and textile recycling, with the
corresponding recycling methods (mechanical, physical and chemical). This section is
complemented with a schematic overview of resources and processes to produce garments
in a Linear Fashion manner based on virgin resources or in a Circular Fashion manner
with recycling and reuse. Section 4 is dedicated to discussions on recycling options for the
main polymer types defined, both from a theoretical approach and based on commercial
activities published on websites. Based on this discussion, a feasibility assessment was
created, followed by a discussion on the challenge of blended textiles. Finally, Section 5
provides the limitations of our study, some concluding remarks and suggestions for further
actions to be taken.

2. Methods

A new classification system for textile fibres that combines well with the various
recycling methods available was designed. This classification system was set up by first
determining the primary textile fibres from Mather [9], their corresponding polymeric
structures and main chemical linkages. This resulted in six polymer types that are reviewed
throughout this publication: cellulose, polyester, polyamide, polyurethane, polyolefin
and polyacrylic. The following step was placing the textile fibres in their corresponding
polymer category. As a final step, the type of polymer (a natural, addition or condensation
polymer) was also included, which is relevant for recycling.

In addition, a new classification system for textile recycling was designed. We adopted
a systematisation of recycling routes presented by the Ellen MacArthur Foundation [2]
and Sandin and Peters [12], which is based on the level of disassembly: recycling to fibre,
polymer or monomer. Each of these recycling routes requires (several) subsequent recycling
methods to arrive at the desired product. With the polymeric structure of the fibres in mind,
we distinguished sorting, mechanical, physical and chemical methods. As a final step, the
classification of textile recycling was coupled with the appropriate recycling methods.

When the linear fashion chain transforms into a circular fashion chain, resources will
partly change from virgin to recycled content. How this recycled content changes the textile
supply chain is illustrated by one schematic. To this end, the key stages in the apparel life
cycle were gathered from Tomaney [13], and linked to the output streams from recycling
(on the level of fibres, polymers and monomers).

The discussion section consists of three parts. The applicability of the three recycling
routes (fibre, polymer, monomer) was determined for the six polymer types. The physical
structure/property relations and chemical options to break down the primary polymeric
bonds were determined by desk research. The polymeric structure of the fibres and the
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main bonds in the polymer backbone served as a guideline to determine which methods
are potentially applicable and which are not realistically possible. The potentially available
methods were illustrated by the recycling initiatives that resulted from our (scientific and
grey) literature review.

Based on these results and our own judgement, we constructed a feasibility assessment
for the main textile polymers and fibres, emphasising options for textile to textile. For
this assessment, we assumed that all textiles consist of only one type of fibre (mono-
material textiles).

However, textiles are often not composed of one type of fibre but of a variety of
fibres, i.e., blended textiles. The recycling classification system and feasibility assessment
were used to explore the recycling options for these blended textiles. An estimation for
common textile blends was presented, including an outline of current recycling initiatives
in this field.

3. Results
3.1. Classification of Textile Fibres

Textiles mainly consist of fibres, i.e., very long (2-5 cm) and very thin structures.
Landi [14] describes fibre as a “unit matter with a length at least 100 times its diameter,
a structure of long-chain molecules having a fixed preferred orientation, a diameter of
10-200 microns, and flexibility”. Thus, all fibres have a molecular structure that contributes
to their specific attributes and properties. All fibres are characterised by the common
characteristics of small diameter relative to its length, flexibility and fineness [10].

Classification of textile fibres can be done in many ways. A widely used method to
classify fibres is based on their origin and resources, i.e., animal, vegetable, regenerated or
synthetic (mainly fossil-based) fibres. Although the origin of textile fibres is an important
parameter, we propose a new classification for the definition of recycling options and the
circular use of textiles. This classification is based on chemical groups and bonds that form
the backbone of the polymers that the fibres are made of and that impart characteristic
properties to the fibres. For recycling purposes, it is useful to classify the various types
of textile fibres based on their main chemical bonds, as fibres with the same chemical
bonds usually have similar chemical and often physical characteristics. Regarding textile
recycling, this classification method is preferred, as it helps in evaluating the options that
are available in preventing the generation of textile waste. Table 1 shows the main poly-
mer groups discussed in this publication, i.e., polysaccharides (i.e., cellulose), polyesters,
polyamides, polyurethanes, polyolefins and polyacrylics, and presents the chemical links
in the polymeric backbone that are relevant for recycling approaches.

Table 1. Classification of textile fibres based on polymer linkages.

Polysaccharides: . ) .
Polymer Cellulose Polyester Polyamide Polyurethane Polyolefin Polyacrylic
B-glycosidic ester amide urethane alkane acrylonitrile
. c—cC
Essential \ — W, [} o] o |
linkage ! = L | " I c—c¢C c
; c—o—c¢ c—N—°cC GO CN—C ||
N
Cotton PET 2 Wool Elastane Pp? Acryl
(natural) (condensation) (natural) (condensation) (addition) (addition)
Linen Silk PE? Modacryl
Fibre examples (natural) (natural) (addition) (addition)
Viscose Nylon
(natural) (condensation)
Lyocell
(natural)
Melting point No Yes No (natural) Yes Yes No

Yes (condensation)

1 Only for cellulose is this the repeating unit; for the other polymers, it denotes the linkage relevant for recycling. 2 PET: polyethylene
terephthalate, PP: polypropylene, PE: polyethylene.
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Polymers can also be categorised as being natural, addition or condensation polymers.
For the main textile fibres, this is also included in Table 1. Natural polymers are of biological
origin and are formed by living organisms such as plants or animals. Cellulose (polysac-
charide) and protein (polyamide) are examples of natural polymers relevant for textiles.
Addition and condensation polymers are synthetic polymers built up of monomeric build-
ing blocks. Condensation polymers are formed by the reaction of two different functional
groups, usually originating from two or more different monomers. During the polymeri-
sation reaction, small molecules such as water are often eliminated. Examples include
polyesters, polyamides and polyurethanes. Addition polymers are formed mainly by one
type of monomer. The polymerisation reactions are chain reactions, with free radicals or
ionic groups responsible for propagating the chain reaction. Examples include polyolefins
and polyacrylics [15].

3.2. Categorising Textile Recycling and Recycling Methods

Textile recycling includes all processes on the level of fibres, polymers or monomers.
Whether a garment is suitable for fibre, polymer or monomer recycling is determined in
large part by the fibre composition and the chemical structure of the polymers that make
up the fibres.

Fibre recycling implies the preservation of the fibres after the disintegration of the fabric.
Polymer recycling includes the disassembly of the fibres while the polymers remain intact.
Monomer recycling implies that fibres and polymers are broken down into their
chemical building blocks.

Each of these recycling methods requires (several) subsequent recycling methods to
come to the desired product. We distinguish sorting, mechanical, physical and chemical
methods. Because stakeholders do not always interpret terms such as mechanical and
chemical in the same way, we propose the following definitions that help us present the
different recycling methods for textiles in an orderly and recognisable fashion:

e Mechanical methods break down the fabric and retain the fibres by cutting, tearing,
shredding or carding. The fibre length is reduced as an unwanted side effect, thereby
affecting the spinnability and yarn strength [16]. The fibres will have a shorter fibre
length than the original fibres, and some dust will be generated [17].

e  Physical methods use physical processes to make the fibres or polymers suitable
for reprocessing, either by melting or dissolving them. With physical recycling, the
structure of the fibres is changed, but the polymer molecules that make up the fibres
remain intact. After melting or dissolving, either melt spinning or solution spinning
can be used to form a new filament (i.e., a fibre of infinite length).

e Chemical methods exploit chemical processes to break down fibres and polymers. The
polymers that make up the fibres are either modified or broken down, sometimes to
their original monomeric building blocks. This can be done by chemical or biological
methods (e.g., with enzymes). After chemical recycling, the building blocks can be
repolymerised into a new polymer.

In Table 2, the classification of textile recycling is coupled to the corresponding meth-
ods. It is evident that for all recycling initiatives, extensive sorting is needed, as mixtures of
different materials and colours will result in recycled feedstock of poor quality. Mechanical
methods are often required; for fibre recycling, this is the only step, but for polymer and
monomer recycling, it is a treatment prior to physical or chemical recycling methods.

Table 2. Classification of textile recycling and corresponding recycling methods.

Classification of Textile Recycling Recycling Methods
Fibre recycling Mechanical methods
Polymer recycling Mechanical methods Physical methods
Monomer recycling Mechanical methods Chemical methods
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3.3. Resources, Production Methods and Recycling Routes in the Linear and Circular
Textile Industry

A schematic overview of the relationship between resources, intermediate products
and various processes applied in the textile industry is presented in Figure 2. Several
subsequent standard processing steps are needed to make a garment from renewable or
fossil resources.

Virgin resources »

|
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!

. }
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Figure 2. Relation between resources and processes to produce garments. Above is the linear route, below is the circular

route.

In the current linear fashion chain, virgin resources can be either of renewable origin,
coming from plants or animals, or fossil-based (Figure 2, upper and middle part). Fossil
resources always enter the scheme on the monomer level, as the resulting synthetic fibres
are built-up of monomeric building blocks that are polymerised into polymers. Synthetic
polymers are spun into a fibre shape by extrusion spinning, either from the melt or the
solution, and then spun into a yarn. Renewable resources enter the scheme on the polymer
or fibre level, not yet on the monomer level. In a future scenario, this may change, as it is
also possible to make synthetic polymers from renewable resources. On the polymer level,
we find the natural polymer cellulose, mainly harvested from wood to produce cellulose
pulp. This cellulose is subsequently spun into a fibrous shape by extrusion spinning, after
which regenerated cellulose fibres are formed (continuous filaments), e.g., viscose or lyocell.
On the fibre level, we find natural fibres that can be staple fibres (cotton, wool, linen) or
filaments (silk), and they can be yarn spun after minor processing.

In the circular fashion chain, resources come from renewable resources and garments
(post-consumer) or residues produced in the factories in the form of yarns or fabrics (post-
industrial) [18] (Figure 2, lower part). These post-industrial and post-consumer residues
are not yet optimised for recycling. There are distinct differences between these streams.
It is widely recognised that the post-consumer stream forms the most challenging one
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(not well-defined, contaminated, decreased fibre quality due to washing and wearing).
In addition to the recycled input, virgin renewable resources will always be required to
overcome quality loss when polymer and fibre recycle streams are applied, in contrast
to the recycling route via monomers, as (re)starting from the monomer level will always
result in virgin quality fibres.

As shown in Figure 2, monomer, polymer and fibre recycling each follow a specific
pathway and re-enter the textile production cycle at a different level. The preferred entrance
level is highly dependent on the type of material that needs to be recycled. The overall
aim is to keep the structure of the materials intact as much as possible and to minimise
processing.

4. Discussion
4.1. Recycling Methods for Six Polymer Types: Theoretical Approach and Commercial Activities

This section presents the applicability of the three different recycling approaches
for the six polymer types: cellulose, polyester, polyamide, polyurethane, polyolefins
and polyacrylics.

4.1.1. Cellulose

Only two routes are available for cellulose textiles when new textile fibres are envi-
sioned as the end-product: mechanical recycling or physical recycling. A third option,
the breakdown of cellulose to glucose molecules by chemical or enzymatic methods, is
currently less relevant for textiles.

e Mechanical recycling to fibres Table 3 shows that several mechanical cellulose recycling
factories produce a variety of products and use cotton as input. Mechanical recycling
of cotton yields fibres typically applied in the nonwoven industry and as flock (very
small fibres used to create texture on surfaces). Recycled cotton fibres are shorter
than virgin ones and thus more difficult to spin. Mechanically recycled fibres are
often mixed with (longer) virgin fibres such as PET or cotton for woven applications.
About 95% of the recovered fibres by the mechanical recycling of cotton are directly
processed into nonwovens for the automotive industry, appliances, drainage systems
and geotextiles [17].

e  Physical recycling to polymers Polymer recycling of cellulose materials to yield re-
generated cellulose fibres is an excellent option to recover and reuse cellulose poly-
mers from residue streams. The resource to produce regenerated cellulose is usually
wood, but other cellulose-containing resources could also be used, for example, post-
consumer textiles. Possible bottlenecks are the contamination of the garments with
other types of fibres and the presence of finishing agents and dyes. Cotton fibres are
almost entirely made up of cellulose. They are excellent candidates as feedstock for
the viscose and lyocell process, and this is applied on a small scale by several parties.
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Table 3. Cellulose recycling initiatives (partly adapted from [19]).

Company Input Stream Product Status Ref.
Mechanical recycling to fibres
Frankenhuis Post-consumer textile waste Textile fibres for nonwovens Commercial, the [20]
(cotton) Netherlands
Wolkat Post-consumer textile waste Yarns for textiles and Commercial, the 21]
o (cotton) nonwovens Netherlands and Morocco
Belda Llorens Cotton waste a.o. ECOLlf? yamns, blen@ed with Commercial, Spain [22]
virgin, for textiles
- Recycled cotton fibre and yarn, . .
Geetanjali Woollens Cotton waste a.o. blended with virgin for textiles Commercial, India [23]
Ferre Cotton waste Recove'r yams, blen'ded with Commercial, Spain [24]
virgin for textiles
. . ) WECYCLED® cotton fibres, )
Velener Textil GmbH Post-industrial cotton yarns blended with virgin for textiles Commercial, Germany [25]
Physical recycling to polymers
20% post-industrial cotton
Lenzing AG with scraps combined with 80% Tencel™ lyocell fibres Commercial, Austria 126]
Refibra™ (lyocell) virgin cellulose pulp (regenerated cellulose fibres) ommercial, Austrl
from wood
100% cotton linter, ™ . .
Asahi Kasei post-industrial residue of Bemberg!™ cupro ﬁbre Commercial, Japan, 17.000 [27]
. (regenerated cellulose fibres) mt/y
cotton processing
High-content cellulose waste . . . Demonstration, Sweden,
Renewcell (cotton, regenerated cellulose) Dissolving pulp (Circulose pulp) 7000 mt/y [28]
Evrnu with NuCycle™ High-content cellulose waste Regenerated cellulose fibres In development, USA [29]
(cotton, regenerated cellulose)
.. X High-content cellulose waste X .
Infinited Fibre Regenerated cellulose fibres In development, Finland [30]
(cotton, regenerated cellulose)
Aalto University with High-content cellulose waste Toncell™ fibres (regenerated .
Toncell™ (cotton, regenerated cellulose) cellulose fibres) In development, Finland 131]
SaXcell with SaXcell® High-content cellulose waste SaXcell® fibres (regenerated In development, the 132]
(lyocell) (cotton, regenerated cellulose) cellulose fibres) Netherlands -

4.1.2. Polyester

The term “polyester’ is a generic name for all polymers containing ester linkages in

their polymeric chain, but in the apparel sector, ‘polyester’ stands for one of these types of
materials: polyethylene terephthalate (PET). The recycling of PET has become increasingly
important with the increasing use of PET in textiles. For textiles, PET is most suited for
physical and chemical recycling, and mechanical recycling is less achievable.

Physical recycling to polymers PET is a thermoplastic material; it melts at elevated
temperature (>260 °C) and can be re-spun into fibres again. Contaminations may pose
a problem in these kinds of processes, and this is therefore the reason that recycled
fibres for textiles are often produced from transparent bottles (Table 4). Recycling
bottles into fibres is implemented across the globe. Post-consumer transparent bottles
are relatively clean and result in a high-quality rPET (recycled PET), suitable for
yarn production. The use of less pure post-consumer PET items such as coloured
bottles, trays and films and PET recovered from the ocean and textiles [8,33] is more
challenging. If these sources cannot be sufficiently cleaned, it may be necessary to use
chemical recycling methods.

Chemical recycling to monomers and oligomers Chemical recycling methods are well
suited for the production of PET fibres (Table 4). During chemical recycling, the
polyester molecules are broken down into smaller fragments. These smaller fragments
are recovered by separation processes such as filtration, precipitation, centrifugation
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and crystallisation [34], making the removal of contaminants easier than in mechanical

and physical recycling.

The technology of PET degradation or depolymerisation is done by solvolysis, i.e.,
reaction in a solvent in which one of the reactants is the solvent molecule. Solvolysis can be
divided into various techniques, common for the depolymerisation of polycondensation

polymers such as polyesters, polyurethanes and polyamides [35].

Table 4. Polyester recycling initiatives (partly adapted from [19]).

Company Input Stream Product Status Ref.
Physical recycling to polymers
. WETURNED® .
Vel(g\;rbl;({extll PET bottles PET-woven Cg;?ﬂ‘:‘:al' [36]
fabric y
Cumapol with
Coloured PET from Transparent PET  In development,
CuRe X [37]
Technology various sources granulate the Netherlands
Chemical recycling to monomers and oligomers
Toniga with (Coloured) PET from Commercial, the
1 201 slis various BHET and rPET  Netherlands, 10 [38]
glycoly packaging materials ktons/y
. (Coloured) PET .
J eIf lécif)llwslitsh from various BHET Cor;lamae;mal, [39]
slycoly packaging materials P
DMT to .
Teijin Bottles and 9ther ECOPET™ Commercial, [40]
PET materials ) Japan
filament yarns
Eastman with Commercial
chemical Polyester Unknown USA 1al, [41]
recycling (PRT)
Am::ZrC}r/rclii‘;\nth Post-consumer Cycora™yarn In development, [42]
ymatt textile waste for new textiles USA
hydrolysis
Carbios W.l th Monomers EG In development,
enzymatic PET [43]
R and TPA France
hydrolysis
Gr3n with In develo nt
microwave PET Monomers cvelopment, [44]
- Switzerland
radiation

The production of building blocks by chemical PET recycling can result in the orig-
inal monomers: ethylene glycol (EG) and terephthalic acid (TPA) [35]. Other processes
result in oligomers, i.e., dimers or trimers of the original building blocks, such as bis(2-
hydroxyethyl), terephthalate (BHET) or dimethyl terephthalate (DMT) [34].

The most important advantage is that virgin quality PET can be achieved; the disad-
vantage is that chemical recycling is more expensive and requires large scale production
to become economically feasible [34]. Various companies are upscaling and validating
their technologies.

4.1.3. Polyamide

In contrast to the other polymer categories, the two main polyamide fibre groups,
wool (natural fibre) and nylon (synthetic fibre), have very different recycling options, even
though they both have amide bonds in their polymer backbone. Wool can be recycled me-
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chanically [45], whereas for nylon, being a polycondensation polymer and a thermoplastic
material, similar recycling options as for polyesters are viable [35] (Table 5).

Wool: Mechanical recycling to fibres Recycled wool has a long tradition and is the
single example of successful mechanical recycling of post-consumer textiles to new
yarns for textiles. The mechanical recycling of wool is the only option for the time
being. Woolen fabrics are predominantly made from long fibres and handled with
care, making mechanical recycling into fibres achievable. The mechanical recycling
of wool is done by similar steps as mechanical recycling of cotton. Sorted fabrics are
cleaned and turned into fibres by cutting and tearing. Post-industrial wool processing
residues (fibre, yarn and fabric generated during production) are routinely recycled
back into the manufacturing process flow for reasons of economic efficiency [45].
Mechanical recycling of post-consumer streams is also feasible. The applicability of
post-consumer residues is partly dependent upon effective ways to minimise fibre
breakage and maximise residual fibre length after the mechanical pulling process.
Nylon: Physical recycling to polymers Nylon can be melted and reshaped into new
fibres of appropriate length and strength. Nylon waste is available as carpets and
fishing nets (composed of nylon 6), and these materials are an important feedstock
for physical nylon recycling. Recycling fishing nets is technologically feasible, and
recycled nylon 6 shows similar characteristics compared to commercial nylons [46].
Recycling carpets is also possible by blending various carpet components through
reactive extrusion and compatibilisation, yielding lower-quality products [47].
Nylon: Chemical recycling to monomers For nylons, chemical recycling methods
are well suited. Nylon 6 is depolymerised to retrieve its original building block
caprolactam. The process design is suitable for processing ‘contaminated’ materials,
as the product exits at the top of the reactor and residues remain on the bottom [47].
According to DSM [48], this process is not more expensive than the production of
virgin caprolactam, and it is much more environmentally benign.

Table 5. Polyamide recycling initiatives (partly adapted from [19]).

Company Input Stream Product Status Ref.
Wool: mechanical recycling to fibres
Cardato Post-industrial Yarns, “Cardato Commercial, 22.000 [19]
Post-consumer Recycled” Brand mt/y, Italy (Prato)
Commercial,
Boer Group Post-consumer Yarns Netherlands [49]
Geetanjali Woollens Unknown Recycled sheep wool Commercial, India [23]
and cashmere
Novetex (Billie System) Various Unknown CommeKrgrgl, Hong [50]
Nylon: physical recycling to polymers
) Q-Nova®, 50/50
Fulgar Vi:i;ge MSC Post-industrial waste regenerated/virgin Unknown [51]
p nylon 6,6 fibre
Nylon: chemical recycling to monomers
Aquatfélcm ;IlloEconyl Nylon 6 fishing nets,
( depolymerisagt}ilon to carpets, post-industrial Econyl® yarn, nylon 6 Commercial, Italy [52]
caprolactam) textiles
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4.1.4. Polyurethane

Recycling elastane, being a polyurethane and polycondensation polymer, is a chal-
lenge. At present, no methods are available on a pilot or demo scale. Elastane is usually
present in (women'’s) fashion in only a very small fraction, making recycling less interesting.
Elastane is usually not recycled but can be removed from the fabric to facilitate the recycling
of other fibres, e.g., by solvolysis methods suitable for polycondensation polymers [35,53].

4.1.5. Polyolefin

Polyolefins such as polyethylene (PE) or polypropylene (PP) are thermoplastics and
can, in theory, be physically recycled by melting and re-spinning to new fibres and yarns,
but for apparel textiles, we did not find any examples. Polyolefins are addition poly-
mers and can therefore not be recycled by chemical means, e.g., depolymerised to their
monomers by solvolysis methods, as the chemical bonds in the polymer cannot be broken
by these methods. These polymers can be degraded through a free radical mechanism at
high temperatures, but this does not result in the formation of re-usable monomers. Instead,
heterogeneous mixtures of gasses, liquids and tar are produced [54] that may be used as
input for the chemical cracking process and thus add to the production of renewable bulk
chemicals.

4.1.6. Polyacrylic

Polyacrylics can be mechanically recycled, comparable to wool. The process involves
colour sorting, cleaning, unravelling and spinning again [49]. Polyacrylics cannot be
melted, and although they can be dissolved, presumably no physical recycling methods are
under development. Polyacrylics are formed by addition polymerisation and can therefore
not be depolymerised by solvolysis methods.

4.2. Feasibility Assessment for Main Textile Polymers and Fibres

Recycling options for each type of textile fibre is a complex topic, as each fibre has its
own optimal recycling strategy. A feasibility assessment of various recycling routes for the
six polymers and the main textile fibres discussed is shown in Table 6. The emphasis here
is on options for recycling textile fibres back into textile fibres.

Table 6. Most achievable (green), less achievable (orange) and not achievable (red) recycling options for main polymer

groups.

Cellulose Polyamide Polyester Polyurethane  Polyolefin Polyacrylic

Classification of

Natural Condensation Addition

Textile Recycling

Cotton, Linen

Viscose,

Lyocell Wool Nylon PET Elastane PP, PE Acrylics

Fibre recycling
Polymer recycling

Monomer recycling

* To another type of fibre.

For natural polymers, we see multiple options for fibre and polymer recycling. The
fibre recycling of natural staple fibres such as cotton is possible by mechanical means,
provided that the resulting fibre length is sufficient to make yarn spinning possible. The
polymer recycling of cellulose by physical means is possible by processes where the
cellulose is dissolved and spun into new textile fibres. For wool, the recycling of fibres by
mechanical means is the only option.

Condensation polymers such as PET and nylon can be recycled by physical and
chemical methods. Polymers can be recycled by melting the material at high temperatures
and re-spinning it into filaments. When high-quality products are desired, only highly
purified materials can be used. Another viable option is recycling the monomers by
chemical means. The input for these processes can be less pure material while the end-
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product is of virgin quality, but the monomers need to be 100% pure before repolymerisation
can take place. Elastane has limited options for recycling.

In the category of addition polymers, the options are limited. For polyacrylics, recy-
cling the fibres by mechanical means might be an option. The fibres can be spun into yarns
to produce knitwear.

4.3. The Challenge of Blended Textiles

Contemporary textiles are increasingly composed of a variety of fibres, as single-fibre
textiles often do not fulfil the requirements of today’s fashion. Fibre blending, combining
two or more fibre types to form a new yarn or fabric, can combine the best qualities of each
fibre. In this way, the functionality of the fabric is improved [10]. A well-known example is
the presence of a few per cent of elastane in jeans to improve wearing comfort [55]. Another
example is a blend of PET and cotton to combine strength and comfort and to reduce the
price, as polyester fibres are cheaper than cotton fibres [56]. Another reason can be to
improve ease of processing, as synthetic fibres can be produced in a broader range of fibre
lengths than the relatively short length of natural staple fibres, making spinning easier [56].

A wide range of fibre combinations is used nowadays. However, reliable data are
hard to obtain and are mostly limited to analyses of post-consumer textiles, for example,
through infrared technology. For sustainability and end-of-life options, fibre blending
might not be such a good idea. In this section, we explore recycling options for blended
fabrics and garments.

4.3.1. Post-Industrial and Post-Consumer Waste Streams

The most significant issues with blended textiles relate to post-consumer waste streams
in the form of garments. These garments often consist of multi-material fibre compositions,
making recycling very complicated. These different types of fibres need to be separated
for recycling, which is difficult or even impossible [8]. Post-industrial waste streams are
often well-defined and more homogeneous, as they can be collected as fibres, yarns or
fabrics, thus well before the garment is produced. Post-industrial sources, therefore, have a
much greater chance of achieving cost-effective, high-quality recycling than post-consumer
streams [57], and some of these recycling methods are already implemented. However,
according to the Ellen MacArthur Foundation, less than 1% of the material used to produce
clothing is recycled into new clothing. This includes recycling after use, as well as recycling
of factory offcuts [2].

All post-consumer textiles are collected and sorted in the ideal situation. However,
in reality, this amount is never reached. For the Dutch situation, around 45% (136 kton)
is collected separately, whereas 169 kton ends up as residual waste [58]. The amount
of discarded textile per capita increased from 4.2 to 4.7 kg/y over the past 10 years [59].
Approximately half of the collected textiles are suitable for the second-hand market (mostly
abroad), and the remainder is only suitable for recycling. Due to the rise of fast fashion and
the decline of the second-hand market, the amount of textile suitable only for recycling
(non-wearable fraction) increases every year [59].

The composition of this non-wearable fraction is not well-defined. Sorting companies
such as Leger des Heils (Salvation Army) and Sympany sort by hand into main categories
such as denim, white cotton, coloured cotton and sweaters [60]. Advanced sorting tech-
nologies such as the Fibresort [61] can sort textiles based on composition (e.g., wool, cotton,
nylon, PET) and even colour but can only process mono-materials. Although we cannot
support this with data, we assume that single-fibre garments are outnumbered by blended
textiles, creating a big problem for textile recycling. Converting post-consumer mono-
material textile fibres into new textiles is possible on a limited scale. As can be concluded
from Tables 3-5, the options are even more limited for blended textiles. Table 7 shows
initiatives by companies and start-ups that work on the challenge of recycling blended
textiles. Most of these initiatives deal with an input stream of cotton and PET and produce
a stream of PET monomers and regenerated cellulose fibres.
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Table 7. Initiatives of recycling of blended textiles (partly adapted from [19].

Company Input Stream Product Status Ref.
;;I) Eﬁézﬁél?\fztﬁ Pre-industrial size
hydrothermal Cotton/PET New textile fibres facility in [62]
method Hong-Kong
Worn Again with Cellulose pulp for Industrial
dissolution of PET Cotton/PET Hrelgene;ia)ted d der?onstra};lon [63]
and cellulose cellulose fibre an plant to be
PET launched in 2021
Blend Re:Wind . X
(Rise and Viscose filaments Sweden, status
Chalmers Cotton/PET and PET unkné)wn [64]
. X monomers
University)
Sodra with Once Cotton/PET Cellulose Pulp for Swederf, [65]
More textile commercial
Tyton Biosciences Cotton, PET, Cellulose and PET USA, status [66]
4 polycotton monomers unknown
Cellulose pulp and Australia, status
Block Texx Cotton/PET PET anknown [67]
Monomers
Resyntex with (glucose, TPA, EG)
Y Cotton, nylon, PET, protein .
monomer 1 hydrol Closed EU-project [68]
recycling WOO! ydrolysates,
polyamide
oligomers
Trash2Cash with Blended textile Regenerated .
polymer recycling and paper waste cellulose Closed EU-project 691

4.3.2. Common Textile Blends

Although the composition of post-consumer textiles is not well-defined, based on
our experience, some combinations are frequently used. In this paragraph, the main fibre
blends are discussed for each group of polymers, including possible recycling strategies.

A common blend is a cotton with a few per cent of elastane. Mechanical recycling
of cotton would be the most viable option, but elastane may cause problems during
mechanical processing. The cotton fibre may also be of inferior quality after use, making
the conversion of cotton into regenerated cellulose fibre a better option. The best-case
scenario is when the elastane fraction ends up in a solid residue while cellulose is dissolved
and spun into a new fibre. The same holds for blends of elastane with other cellulose fibres
such as linen, viscose or lyocell. Whether this is feasible depends on the process applied,
and further investigations are needed.

A blend of cotton and PET is often used for workwear, and production volumes are
high. Several approaches can be followed to deal with polycotton waste streams [70]. In
general, approaches where the cellulose remains intact as much as possible are preferred,
as only PET monomers can be polymerised into a new polymer. The challenge is to use
mild conditions to preserve the cellulose fraction, as most of the solvolysis methods of PET
will certainly degrade cellulose into smaller polymer fractions.

PET is blended with almost all other textile fibres mentioned in this publication.
Although PET recycling from bottles is well underway, recycling blended textile fibres is
less developed. Polymer recycling by melting and spinning into new textile fibres is less
achievable due to contaminations, leaving monomer recycling as the only option. The
results from a study by GreenBlue indicate that, for the chemical recycling technologies
being evaluated, a minimum purity level of 70-80% of PET is required for an economically
feasible process [57].

Natural polyamide fibres (i.e., wool and silk) are often used as a mono-material, and
blends are limited. Wool can be combined with acrylic and still look like a woolen garment.
Depending on the composition, it might be possible to also mechanically recycle blends of
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wool and acrylic, as is done with purely woolen garments. The manufactured polyamides,
nylons, are frequently combined with other fibres such as cotton (e.g., in lace) or viscose
(e.g., in knitted fabric). Similar approaches as for the combination of cotton and PET could
be taken here.

5. Conclusions

Over the coming decades, a shift of the global textile value chain from a linear to a
circular model is foreseen, driven by new regulations, the desire for resource efficiency, cost
concerns and consumer demands. The textile industry is not prepared for this transition,
as it lacks circular design competencies and efficient ways to recycle textile residues. For
the textile industry to become more sustainable, knowledge of the origin and production
of resources is important. Recycled feedstock, in addition to virgin renewable resources, is
expected to form a significant part of the future resources to be used.

Textile fibre classifications are often made by origin and not by polymer type. Fibre
properties are always described from the initial application and their behaviour during
their lifetime through exposure, use or maintenance. Recyclability has not been a relevant
variable until now.

For recycling purposes, we classified textile fibres based on their main chemical bonds,
as fibres with the same kinds of bonds usually have similar chemical and physical charac-
teristics. We distinguished cellulose, polyamide, polyester, polyurethane, polyolefin and
polyacrylic as the principal polymer groups for textile fibres. In addition, a new classifica-
tion of textile recycling technologies was designed based on the level of disassembly (fibre,
polymer, monomer) combined with mechanical, physical and chemical recycling.

We showed that for fibre recycling by mechanical means, fibre length is the most
crucial parameter. This type of recycling works best for cotton, linen, wool and acrylics.
The quality of the recycled product is often lower than that of virgin resources and is highly
dependent on the quality of the input stream. For polymer recycling by physical means,
the molecular weight of the polymer and the ability to dissolve or melt are important. This
type of recycling is best applied to cotton, linen, viscose, lyocell (dissolve) and nylon and
PET (melt). The quality of the recycled product can approach virgin quality. For monomer
recycling by chemical means, the ability to depolymerise the polymer to its monomeric
building blocks is key, combined with an efficient recovery. This type of recycling is
only suitable for polycondensation polymers such as nylon and PET. The most important
advantage is that virgin quality can be achieved. Disadvantages include high costs and the
needed large-scale production for economic feasibility.

For consumers, the choice between virgin and recycled products depends on the
perceived benefits or disadvantages. Recycled content is often a synonym for low quality.
However, here we showed that the final quality depends strongly on the type of fibre and
technology used and that each fibre has its prefered recycling technology.

Textile recycling (especially post-consumer) is still in its infancy and will be a major
challenge in the coming years. In general, there are good recycling options for mono-
material residue streams, but the real challenge lies in blended textiles. The volume and
composition of blended textiles allocated for recycling are often unknown, which was a
limitation for this study. The plethora of fibre combinations added to this problem. Recy-
cling blended textiles is possible to a limited extent with the currently available recycling
techniques. However, when recycling is technically complicated, energy-consuming and ex-
pensive, it will most likely not become a profitable business, especially in combination with
cheap virgin materials. For blended textiles, the perspective is promising for fibre blends
within a single polymer group, while combinations of different polymers are undesirable.

To be able to Recycle, we must Rethink. Outdoor apparel brands have been experiment-
ing with different design and material selection strategies that enhance the recyclability of
their products. Examples are fabrics based on one type of fibre, fibres with better recycla-
bility profiles, and creating a market demand for recycled materials [57]. Adoption of these
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approaches by other players in the textile industry is urgently needed, but initiatives are
still scattered and small scale.

The intricate blending of different types of fibres that require different recycling
strategies should be prevented, and the use of fibres that originate from renewable resources
combined with good recycling options should be encouraged. Our methodology can help
stakeholders in the textile industry to critically assess their production methods and the
materials they apply. If the approaches we propose become more widespread, the recycling
of fashion can grow, and the sustainability of the textile and fashion industry will improve.
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Abstract: The increasing resource pressure and the expanding amount of textile waste have been
rising recycling as a clear priority for the fashion and apparel industry. However, textile recycling
remains limited and is therefore a targeted issue in the forthcoming EU policies. As the fashion
industry is embedded in complex value chains, enhancing textile recycling entails a comprehensive
understanding of the existing challenges. Yet, the literature review suggests only limited empirical
studies in the sector, and a dedicated state-of-the-art is still lacking. Filling this gap, a Delphi study
was conducted supplemented by the Regnier’s Abacus technique. Through an iterative, anonymous,
and controlled feedback process, the obstacles collected from the extant literature were collectively
discussed with a representative panel of 28 experts, compared to the situation in Europe. After two
rounds, the lack of eco-design practices, the absence of incentive policies, and the lack of available
and accurate information on the product components emerged as the most consensual statements.
Linking theory to practice, this paper aims to improve consistency in the understanding of the current
state of textile recycling in Europe, while providing an encompassing outline of the current experts’
opinion on the priority challenges for the sector.

Keywords: fashion; apparel; textile; recycling; challenges; circularity; sustainability

1. Introduction

With the rise of the globalization, the fashion industry has become a significant world-
wide business (the global apparel market has been estimated in value to USD 1.5 trillion in
2020 [1]) based upon lengthy and geographically fragmented value chains [2,3]. Production
has shifted to southern countries, mainly in Asia, while design, marketing, and distribution
activities have remained located in advanced countries [4], with Europe representing an
important apparel net importer (over EUR 80 billion of imported goods, mainly from China,
Bangladesh, and Turkey, in 2019 [5]). Characterized by a constant growth and driven by
the so-called “fast-fashion” phenomenon [3], the industry has resulted in tremendous
environmental and social repercussions over the last decades [3,6]. Steadily scrutinized as
a substantial impactful sector, a range of estimates have successively evaluated, depending
on assumptions, the fashion industry to account for 4% [7], 8% [8], and up to 10% of global
CO; emissions [3] with the main environmental impacts imputed to the raw materials
and manufacturing activities [8,10,11]. Correlatively, this accelerated fashion consump-
tion has led to the perception of clothes as disposable items, decreasing the garment’s
lifetime [9,12-16]. Such a completely linear or “take make waste” model has resulted in
an expanding amount of discarded textiles in Europe [3,12,14,16]. While assessing used
textile flows remains challenging [17], the amount of clothes bought in the EU has been
estimated to have increased by 40% over the last decades [18,19]; Europeans consuming
on average 26 kg and discarding 11 kg of textiles per person per year [20]. Considering
the alarming climate state [21], decreasing the resource pressure is crucial to reduce the
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environmental footprint of the sector while ensuring viable business models in the long
term to face up to forthcoming scarcity [14,22]. Therefore, enhancing recycling has been
standing as a critical priority in this wider transition towards a “circular economy” [9,14].

The concept of “circular economy” has raised interest since the late 1970s [14,23]
and derives from connected background concepts such as the famed cradle-to-cradle
design philosophy [23,24]. The most renowned definition has been framed by the Ellen
MacArthur Foundation, where the economy is “restorative and regenerative by design, and
aims to keep products, components, and materials at their highest utility and value at all times” [25].
Binding economic performance, social inclusiveness, and environmental resilience [26],
this new industrial paradigm promotes material flows systems in which resources are
optimized, thus enabling “sustainability” covering a broader framing [23]. Indeed, by
promoting the reduction of resources extraction, the extension of the product lifecycle, and
the minimization of waste production [27,28], the transition to circular business models has
the potential to decrease the environmental impact of the industry [2,6,9,29,30]. However,
the review suggests that companies are selectively implementing circular actions in their
supply chains, rather than disrupting the entire business model [9] and addressing the
main environmental impacts of their activities [12]. In fact, by bridging production and
consumption activities [12,15,25], “circular economy” involves the implementation of
several strategies usually suggested through the “R framework” and requiring radical
systemic changes in how products and materials are manufactured, used, and disposed
of [29-31]. A varying level of detail exist in the literature [32] and up to “10R principles”can
be found namely refuse, rethink, reduce, reuse, repair, refurbish, remanufacture, repurpose,
recycle, and recover [27,32,33]. Ordered by level of circularity, recycling rationally comes
into play among the final options once the materials can no longer be reused, following the
existing EU waste hierarchy of optimal treatment solutions [34].

However, it is estimated that only 12% of global material flows for clothing are recy-
cled, mainly into “open-loop” applications [9] (such as insulation material, wiping cloths,
or mattress stuffing), also referred to as “cascaded recycling” [35] or “downcycling” [36,37]
because of their lesser economic value [38], while much higher rates are noticed in other
industries [39]. Only less than 1% of clothing textile material would be recycled into new
clothes, referred as “closed-loop recycling” or “textile-to-textile recycling”, the 87% remain-
der ending up mainly in landfill or being incinerated [9]. Therefore, lifecycle-extending
practices are not sufficient in themselves and must be enhanced, along with improving
recycling practices [14]. Within this context, the sector is particularly targeted in the up-
coming Green Deal strategy [40] aiming to achieve climate neutrality in Europe by 2050, as
shown by the foreseeing EU Strategy for Textiles [41] ambitioning to boost the EU market
for sustainable and circular textiles. The public consultations launched recently by the
European Commission [41,42] reveal a wide range of dedicated policies to enhance textile
recycling (i.e., separate collection mandatory by 2025, incorporation of recycled content,
digital passport ... ).

However, despite increasing interest in the industry, textile recycling is still a limited
research area [14], which has mostly been explored from a technical perspective, to im-
prove textile recycling processes towards value-added products [36]. An increasing body
of research has been also dedicated to the study of the environmental benefits of textile
recycling [35]. However, while its improvement is consistently pointed out as requiring
a “system-level change” with extensive stakeholders’ collaboration [25], very few com-
prehensive studies have been conducted. The literature on the topic is fragmented, and
empirical studies remain limited, which impedes an explicit evidence-based state-of-the art
on the current challenges in the sector. Although a flourishing literature on textile-specific
barriers to the implementation of the “circular economy” has advanced knowledge in the
industry [12,29,32], these studies do not provide a systematic analysis of the existing issues
related to the textile recycling value chain.

Subsequently, this paper aims to answer the following research questions: What
are the current impediments in the textile recycling value chain? What are the priority
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challenges to address in order to enhance textile recycling in the sector? To achieve these
research objectives, a systematic review was conducted to identify the recurring challenges
acknowledged in the existing literature on textile recycling. Then, a purposely designed
qualitative study using the Delphi method [43] and applying the Abaque de Régnier
technique (Regnier’s Abacus) [44] was implemented, referred to as “Delphi-Régnier” in the
remainder of the paper. With an unprecedented panel of 28 experts in the field representing
the different stakeholders of the recycling value chain, the reported challenges in the extant
literature were translated into statements and iteratively discussed through this group
communication technique, using a color grid to collect experts” opinions. The study is
not strictly limited to textile-to-textile recycling but instead aims to explore the overall
challenges related to the optimization of textile recycling, to better comprehend the current
collection, sorting, and recycling system.

With regard to previous exhaustive research on the topic [14], the originality of
the study resides both in the representativeness of the panel and in the Delphi-Régnier
method used. This method differs from a simple interview and helps to advance empirical
knowledge on textile recycling with the confrontation of the experts” opinions between the
iterative rounds. Moreover, while barriers of textile recycling have started to be explored
in the industry [12,14,29,32], this Delphi-Régnier study provides a holistic analysis of
the contextual challenges and addresses the priority concerns in the sector, by allowing
consensus and dissensus on the topic to arise. The research focuses on the European
situation but still provides general findings advancing the literature on sustainability in
the fashion and apparel industry. If the method has inherent limitations, the findings can
support relevant initiatives for practitioners or policymakers and research opportunities to
advance textile recycling in the sector.

The paper is structured as follows: Section 2 introduces the systematic literature review
conducted. Section 3 describes the Delphi method and the Regnier’s Abacus technique,
together with the associated research steps. Section 4 is devoted to the presentation and
discussion of the results. Section 5 introduces the limitations and research perspectives. At
last, Section 6 concludes on the main findings.

2. Literature Review

A prior systematic review [45] was developed on the research problem, to explore the
challenges of textile recycling with regards to the fashion and apparel sector. It was done
using the databases Scopus, Science Direct, and Web of Science to guarantee an extensive
coverage. As a relatively new and transdisciplinary area, we decided not to limit the scope
of the review and include empirical studies, review papers, conference proceedings, and
book chapters as long as they served the research objective. An additional search was
done through Google Scholar to make sure that on-topic publications, unavailable on
specific databases, were not omitted. Preliminary research suggested a limited academic
literature, corroborated by Sandvik et al. [14]. Following the review protocol from preceding
reviews on textile recycling [46], white papers and public reports from well-established
organizations or institutions were also considered, after an extensive search on Google.
By contrast, we noticed an extensive grey literature, especially several studies that have
been published by practitioners for public institutions to improve resource management.
However, the priority was given to peer-reviewed journals, and only the most relevant
publications were cautiously included. Even if no limitation on the publication date
was pre-established, research has significantly increased since 2005 with a clear rise in
publications starting from 2018, and only the most recent papers were selected to ensure a
contemporary state-of-the-art.

Keyword identification was challenging as in primary enquiries, engineering, material,
environmental sciences, and chemistry fields prevailed, confirmed by the review performed
by Shirvanimoghaddam et al. [36]. Initial extensive research was conducted using the
combination (textile OR apparel OR garment) AND (recycling) AND (challenge OR obstacle
OR limit OR complex OR barrier). Numerous papers on wastewater treatment were raised
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while our research focused on the narrowed understanding of textile recycling as the
“breakdown and reclaiming of textile raw materials to new ones” [38]. Following an inductive and
flexible process [45], the research protocol was progressively revised based on subsequent
findings. We replaced (“recycling”) with the keywords and Boolean connector (“circular”
AND “waste”) in the research string to broaden the scope and target papers on textile flows
management that were relevant to the research problem. A total number of 1414 articles
resulted from those two keyword equations, which were applied to titles, abstracts, and
keywords for Scopus and Science Direct, and to “all fields category” for Web of Science.

The filtering process was another obstacle due to the fragmented literature. It was
initiated by checking titles and abstracts, firstly excluding publications unrelated (1) to the
aforementioned delineation of textile recycling and (2) to the textile and apparel industry.
After removing the duplicates, this process resulted into 98 references. Then, full reading
was performed to successively define inclusion and exclusion criteria. As a lot of papers
were related to the aforementioned technical fields, we first only included articles provid-
ing overarching discussions on textile recycling, and we started classifying the reported
challenges. Based on the initial findings, a second round of reading was carried out, and
only publications either providing empirical knowledge or further supporting some of
the challenges identified were incorporated, diminishing the sample to 20 publications.
A flowchart of the literature review process is shown in Figure 1.

Keywords selection
RS1: (textile OR apparel OR garment) AND (recycling) AND (challenge OR obstacke OR limit OR complex
OR barrier)
RS2: (textile OR apparel OR garment) AND (waste AND circular) AND (challenge OR obstacke OR limit
OR complex OR barrier)

\%

Search applied to titles, abstracts, and keywords

(including articles, reviews, book chapters, conference papers and reviews)

Scopus Science Direct Web of Science

501 references 130 references 618 references

%

Screening of titles and abstracts
98 references selected Additional search on Google to

Exclusion of paper unrelated to the aforementioned include relevant grey literature

5 publications related to the fashion and

delineation of textile recycling (essentially research
dedicated to wastewater treatment) apparel industry context
Exlusion of papers unrelated the textile and apparel 6 publications related to the rescarch

industry problem

\’

Full text analysis and final selection

20 articles selected Snowballing
Inclusion of articles  providing  overarching o process
discussions on textile recyding 6 references added
Inclusion of artides providing relevant insights on redevant for the
the challenges identified during the first reading rescarch context

WSSO

% % Y

Final sample of 37 references
Figure 1. Flowchart of the systematic literature review.

The review starts with a general discussion on the key findings, supported by a map-
ping eliciting the outlined challenges and their recurrence rate in the academic literature,
presented subsequently in Table 1.
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2.1. Complexity of the Textile Recycling Value Chain

Consistent with the definition from the EU Waste Framework Directive [56], textile
recycling is essentially designated from a technical perspective as the “breakdown and reclaim-
ing of textile raw materials to new ones” [25,35,36] involving a degree of deconstruction [49].
However, textile recycling is actually embedded in a broader and complex textile flow
management system involving several preceding stages.

Starting with the collection, textiles are usually classified depending on their collec-
tion point along the value chain: textile flows are either designated upon “pre-consumer”
if collected at the industrial level or “post-consumer” if collected after use [25,32,57].
“Pre-consumer” usually comprises all types of waste from companies resulting from man-
ufacturing and distribution activities, from textile offcuts to unsold products, whereas
“post-consumer” refers to used articles discarded by consumers once no longer wanted.
Upstream, some also distinguish between the “post-industrial” (side-effect of clothing
manufacture) and the “pre-consumer” (inferior quality garments or unsold product at the
retail stage) feedstocks depending on the source in the value chain [16,58]. Nevertheless,
while the “pre-consumer” fraction in general is underreported [59], the post-consumer
part entails the major challenges for the sector. Overall, 15%—20% of clothes have been
estimated to be collected for reuse and recycling practices within Europe [35,46], and
important disparities of collection schemes are addressed [9,46]. Attempting mappings on
textile flows highlights collection rates varying from 22% (Sweden) [60], 39% (France) [61],
and 45% (Denmark) [60], up to 75% in Germany [9] of overall textiles put on the market.

Once collected, items undergo thorough manual sorting, which is resting upon a
business model towards the second-hand market [46,54] and the quest for high-quality
clothing [46], also referred as “diamonds” [57] or “cream” [17,61]. While oversimplified,
the reusable feedstock is separated from the nonreusable stock. A significant fraction
is exported abroad, while the most valuable part is directed to fine sorting for nearby
markets [11,40,41,54]. Still, for the majority being sold in global markets, the question of
their subsequent treatment is left untackled, which explains the current low estimates of
textile recycling [9]. Moreover, some exports markets are becoming saturated [54,62], and
the quality of reusable textiles appears to have fallen [54,61], a situation further exacerbating
the primary issue of textile recycling for the coming years in the sector.

Following reuse, the nonreusable fraction is directed across different recovery avenues
(recycling, energy recovery, or incineration) or landfilled with varying rates depending
on the countries. In preparation for recycling, textiles are further sorted manually based
on their composition [61] and color [54], vis-a-vis recyclers’ specifications requirements.
In addition, external components (i.e., metallic parts, buttons, zippers) are disassembled
prior to recycling mostly through a manual process [38,46]. To put this into perspective,
in France, where an Extended Producer Responsibility (ERP) has been in place since 2007
for clothing, linen, and shoes [55], 56.5% of the items sorted in facilities under contract are
reused, mainly overseas (95%), 33.3% is recycled, 9.1% is recovered for solid fuel, 0.7% is
incinerated for energy recovery, and only 0.4% is disposed, either through incineration or
landfill [61]. The ERP is a policy tool for encouraging and enabling recycling by giving
financial and/or physical responsibility to producers for treating and disposing of post-
consumer products [17], which is particularly considered in the upcoming EU strategy for
the textile sector [41].

Even when nonreusable textiles are recycled, the main destinations remain “open-
loop” applications such as wipers, nonwoven, or insulation felts towards other indus-
tries [9,14,63]. Therefore, a technological barrier is commonly outlined, and a strong
technical emphasis has been featured in the literature on textile recycling.

2.2. The Technological Barriers of Textile Recycling

The lack of technologies to support the development of textile-to-textile recycling is
identified as a crucial persisting barrier, as attested by the recurrence rate documented
in Table 1. Indeed, textile recycling is predominantly based on established mechanical
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recycling [9,26]. As regards to the existing processing routes, a typical classification is made
between mechanical and chemical recycling [38,58].

Mechanical recycling implies cutting the fabric into smaller pieces and then progres-
sively shredding them through a rotating drum until reaching a fibrous state, suitable for
re-spinning into new yarn or for other manufacturing products. Less common, “thermal re-
cycling” is occasionally specified [36] to recycle synthetic fibers by melt extrusion, regularly
mentioned under “mechanical recycling” as implying prior mechanical processing [35].
The process can be used to recycle fabrics made from natural fibers as well as synthetic
fibers [38]. However, the shredding of the fabric during the mechanical process shortens the
fiber length and thus, reduces the quality output [37,51,53]. In “fiber recycling” [9], recycled
fibers need to be blended with virgin fibers to reach a satisfactory quality level for yarn
spinning [38,46]. Therefore, pre-consumer flows are considered more suitable than post-
consumer waste for textile-to-textile recycling, as they are more consistent in quality and
color [35,38], with exceptions such as wool, made up of long fibers [58]. Polyester and other
thermoplastics can be recycled through thermal recycling, also referred as “mechanical
polymer recycling” [9], during which the garments are cut and granulated into PET pellets
by applying heat [49] with a certain loss of quality [49,64]. Despite being technologically
feasible, this process is however not yet applied at scale [9]. Moreover, apparel textiles are
often composed of fiber blends, thereby introducing the challenge of separation [14,58,65]
and limiting the range of recycled commodities [51]. Consequently, the main destinations
remain shredding the textiles to fiber for applications such as nonwoven or insulations,
explaining the negligible “textile-to-textile” recycling share previously mentioned [38]. As
such, the distinction between “open-loop” and “closed-loop” aims to reflect the outcome
level of refinement [35]: “closed-loop recycling” designates “material recycling for a more
or less identical product” [17,38] while “open-loop recycling” appoints processes in which
the material is used in another product [17,38], typically towards other industries. In this
perspective, a body of scientific research has explored potential applications via mechanical
recycling, including composites, sound absorber, or thermal insulation [36].

By contrast, “chemical recycling” implies a higher degree of processing through
depolymerization (process of breaking polymeric bonds, for synthetics fibers only) or dis-
solution (for natural or synthetic cellulosic fibers) [35]. However, chemical recycling is still
limited [9,62]. Several innovative processes have been developed [52], especially towards
pure cotton and cotton—polyester blends [9]. However, the current technological state is
ambiguous, the review suggesting a lack of technological maturity, [9] a deficient economic
viability, [9] or the need for investment in research and development [46]. Consequently, the
market share of recycled fibers was estimated in 2020 at 8.1% of global fiber production, but
such incorporation of recycled fibers mainly derives from the recycling of PEF bottles [66]
established since the 1970s [38,67]. In addition, it must be noted that this typology appears
oversimplified, as recycling operations often comprise a mix of mechanical, chemical, and
thermal processes [35]. Therefore, further classifications have been proposed according to
the level of disassembly [9,35] and more recently to the polymer structure of the fibers [27]
to promote a clearer communication on the technological progress of textile recycling.

Another technological barrier resulting from the sorting stage is reported in the
literature [9,17,47,48,50,68]. As previously outlined, sorting is a manual and costly phase,
and therefore, there is a need for an economically viable and effective way to recognize and
sort textile materials, to further advance textile-to-textile recycling as requiring homogenous
feedstocks [48,50]. This current manual sorting is lacking reliability to recognize and
sort the items according to their material content, jeopardizing the subsequent recycling
process [48]. The item’s composition is often varying over its lifetime, and the care labels
are often cut-off or inaccurate. According to a study conducted by Circle Economy, up to
41% of labels on blended materials contain incorrect information [68].
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2.3. Systemic Challenges to Enhance Textile Recycling

As part of this complex textile flow management system, textile recycling involves
a myriad of other stakeholders [9,35,47,57] such as charities, municipal waste-collection
services, or resell organizations. Only a few mappings of textile flows can be found in the
academic literature [16,57], and empirical studies investigating textile flows in these sorting
facilities are lacking [54]. However, changes are required throughout the whole value chain,
as the performance of this eco-system determines the amount of collected textiles than can
be further reused and recycled [54]. Therefore, beyond technical matters [14], numerous
obstacles are encountered in the optimization of textile recycling, entailing it as a systemic
challenge [14,38].

Several studies, both theoretical [16,51] and empirical [26,29,32], have started to ex-
plore the textile-specific barriers related to the implementation of circular economy. While
some studies provide in-depth analysis [29,32], they investigate the impediments related
to the circular economy as a whole and therefore do not enable a holistic and systematic
analysis of the recycling value chain. To the best of our knowledge, the most recent exten-
sive research was carried out by Sandvik et al. in 2019 [14]. The study took a qualitative
approach through semi structured interviews with 11 stakeholders and investigated the
drivers, inhibitors, and enablers of creating a textile-to-textile recycling system in the Scan-
dinavian fashion industry. The main inhibitors found were the limited recycling technology
to separate materials, high costs of research and development, supporting logistics, and
complexity of supply chains including multiple stakeholders. However, while extending
knowledge on the types of systemic and technological changes required, the study does
not allow to leverage the amplitude of opinions and the sample’s lack of representativity.
Moreover the study only focuses on textile-to-textile recycling, while both closed-loop and
open-loop applications have their importance to reintegrate the increasing nonreusable
feedstock [38].

The remainder of the research remains theoretical and only looks over some challenges,
without further investigation. Therefore, the literature is scattered, as shown by the
fluctuated attendance rate in Table 1. Although some challenges stand out more than
others, the current analysis is unable to provide a clear vision on the research problem.
Among the most comprehensive articles, Filho et al. [46] investigated the socio-economic
advantages of textile recycling and provided the most systematic review we found on
textile recycling. The review explored the socio-economic advantages of textile recycling
and pinpointed barriers to the optimization of textile recycling without specifying if they
were arranged by importance: (1) economic viability, (2) composition of textile products,
(3) non availability of recyclable textile materials, (4) technological limitations, (5) lack
of information and limited public participation, and (6) poor coordination, and weak
policies and standards. In comparison, Holes and Holes investigated effective policies and
incentives worldwide for increased recycling from other sectors to reveal opportunities for
extrapolation to the textile sector. A brief overview over the challenges identified is exposed,
respectively: (1) the lack of incentives to motivate consumers for recycling; (2) informational
and educational programs; (3) collection options of textile waste; (4) absence of policies
and regulations concerning textile recycling; (5) variety of textile fibers and chemicals.

Conversely, several reports and white papers on textile recycling [9,17,62] have been
published over the years, providing flourishing grey literature on the topic. Especially, the
Ellen MacArthur Foundation identified four priorities to improve textile-to-textile recy-
cling [9]: align clothing design and recycling processes, pursue technological innovation to
improve the economics and quality of recycling, stimulate demand for recycled materials,
and implement clothing collection at scale. Several other publications have addressed the
challenges of textile recycling. For instance, Elander and Ljungkvist investigated through
in-depth interviews with fashion companies, textile sorters, and recyclers 43 critical aspects
for increasing textile-to-textile recycling [63]. Roos et al. [17] compiled a state-of-the-art on
existing technologies while outlining the important factors for the future of textile recycling.
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Based on the reported challenges in the academic literature, a thorough mapping was
framed, as shown in Table 1. The mapping essentially emphasizes the academic literature to
outline the studies conducted so far while highlighting the fragmented state of the research.
This literature review supported the implementation of our Delphi-Régnier study, and the
challenges are further elaborated together with the findings in the dedicated section.

3. Research Method

Considering the purpose of the research, the combination of the Delphi method and
the Regnier’s Abacus technique emerged as the most relevant approach. By allowing
consensus and dissensus on a topic to arise, this research approach helps to advance
empirical knowledge on textile recycling while outlining the priority challenges to address
in the sector with regards to previous research [14,39,46]. It also appeared as the most
viable approach to evaluate a series of wide-range assumptions on the topic with a wide
panel of experts and generate valid results in a timely manner [43]. The appropriateness
of the method was also evaluated within the surrounding industry context [43]. As a
spotlighted issue within the sector, anonymity was essential to ensure participation and
minimize the risk of bias. In addition, confronting opinions on the topic was decisive to
achieve the research objectives, but direct communication between the different experts
could have blocked open reflection, due to distinct business interests and unaccustomed
exchange of views of the different stakeholders involved.

Hereinafter, the Delphi method and the Regnier’s Abacus technique are introduced,
followed by a dedicated focus on the sequential research process of the study.

3.1. Delphi Method and Regnier’s Abacus Technique
3.1.1. Delphi Method

The so-called “Delphi” is a well-acknowledged and widely used method for consensus-
building on specific topics, solicited from experts through an iterative multistage pro-
cess [43]. Named in reference to the Greek oracle, this method was pioneered by the
Air-Force-sponsored Rand Corporation in the 1950s and later developed by Dalkey and
Helmer [69] to forecast the potential of military technology [70]. At the time, quantitative
simulation was primitive and conventional face-to-face experts’ consultations were unable
to provide reliable results [70]. Structured around an anonymous and controlled feedback
process, this method was designed to minimize the typical group interaction shortcomings
(e.g., influences of dominant individuals, group pressure for conformity, standing within a
profession) and ensure independent expert’s judgments [43].

While inherently flexible, the Delphi method consists of the following sequential
procedure [43]:

e A questionnaire is submitted anonymously to the panel of experts (also referred as
“participants”, “respondents”, or “panelists”).

e  Responses are counted and processed (also referred as “round” or “iteration” with the
submission of the questionnaire).

e Based on these responses, a refined questionnaire is elaborated and submitted to the
same participants, along with a summarized report of the prior iteration. Through this
controlled feedback process, experts can reassess their initial judgments and additional
insights can be provided, allowing the information collected to be thoroughly clarified
as the rounds progress.

e  This process is iterated until common tends are achieved and are precise (consensus
and dissensus).

By facilitating exchanges of opinions, the Delphi process has been progressively
used beyond forecasting in diverse application areas such as program planning, needs
assessment, policy determination, and resource utilization [43].

With respect to the fashion industry, the methodology has recently received interest in
research on sustainability challenges [71] and the underlying issue of traceability [72,73].
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Especially, the method appears suitable to investigate complex and multidisciplinary
problems [72] by allowing to correlate informed judgements on a topic spanning a wide
range of disciplines, to explore or expose underlying assumptions or information leading
to differing judgements, and to seek out information that may generate a consensus [74].

The Delphi method being conditioned by its use; different analysis techniques can
be used to interpret the data [43] and thus, various forms of Delphi have been applied in
the literature. As part of our study, the information investigated is essentially qualitative.
Therefore, in coherence with our research objectives, we decided to use the Regnier’s
Abacus formalized technique, particularly suitable for collecting and processing qualitative
information [75].

3.1.2. The Regnier’s Abacus Technique

The Regnier’s Abacus was developed in the 1970s by P. Frangois Régnier in the medical
field, to offset the usual drawbacks of working groups. By using a color panel to collect and
share opinions on a topic, this visual communication technique was designed to promote
constructive debates and facilitate decision-making. Initially assembled with colored cubes
representing the decision scale [44], the available digital tools have further enhanced the
possibilities associated with this method by allowing to collect and process data instantly.
Thus, the abacus continues to attract interest and is used for many applications, ranging
from forecasting research to simple projects evaluation [76].

The modalities are very simple as they are based on the “traffic signals” logic. State-
ments, also referred to as “items”, are previously defined on the topic investigated to
provide an opening framework for reflection, though in precise, concrete, and relevant
terms [75]. Experts are invited to react on each item, by selecting one of the following seven
colors reflecting the hierarchy of possible opinions:

Green: the expert strongly agrees with the statement;
Light green: the expert agrees with the statement;
Orange: the opinion of the expert is mixed;

Light red: the expert disagrees with the statement;
Red: the expert strongly disagrees with the statement;
White: the expert cannot answer;

Black: the expert does not want to answer.

The light color indicates a transparency in answers, while white and black reflect
opacity [75]. Therefore, in contrast to other data-gathering or analysis techniques, the
colorful matrix produced enables a comprehensive and immediate perception of opinion.
To complete this study, the open-source solution Color Insight (http://colorinsight.fr/,
accessed on 5 February 2021) was used to generate the questionnaires, collect answers, and
process information. An overview of the Color Insight voting platform is provided in the
Figure A1 (Appendix A).

The respective steps involved in conducting the study are described in the follow-
ing subsection.

3.2. The Implementation of the Delphi-Régnier Study

Considering proper planning management and motivation are key when conducting
a Delphi study [43], particular attention has been paid to the distinctive research steps, due
to the wide variety of stakeholders involved in the panel.

To give an insight of the study’s implementation, Table 2 illustrates the different
steps involved in the research process, while the formulation of the initial statements, the
selection of experts, and the rounds procedure are further explained successively.
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Table 2. Steps involved in the implementation of the Delphi-Régnier study.

Literature review on textile recycling challenges from a fashion and
apparel perspective

Identification and codification of the challenges reported in the literature
Formulation of the initial statements

Step 1

Identification and selection of the experts: to ensure a representative panel of the
whole value chain, the panel was formed on the following stakeholder groups:

G1: Fashion and apparel companies

G2: Textile manufacturing companies

G3: Collecting and sorting companies

G4: Recycling companies

G5: Professional associations and organizations

G6: Research and innovation institutions and academia

Step 2

Step 3 Submission of the first questionnaire to the experts panel for consultation

Step 4 Results review and development of the refined and additional statements

Step 5 Second round of statements presented to the experts panel for consultation

Step 6 Final comments review

3.2.1. Phase 1: Building the Opening Questionnaire

The first key step was building the initial questionnaire submitted to the experts in
the first round, as it significantly guides the areas in which the Delphi-Régnier study will
generate ideas [75]. We decided to establish the questionnaire beforehand, in order to
target the most competent experts, based on the pre-established statements. During the
literature review, a coding process was performed identifying and grouping by coherent
themes the challenges reported. Based on this matrix, presented in Table 1, a set of
23 statements, also referred to as “items” in this paper, was formulated, as shown in
Appendix B. All statements were carefully examined iteratively by the authors to reduce
the risk of misinterpretation.

3.2.2. Phase 2: The Constitution of the Experts’ Panel

The constitution of the panel was the second key step. While no standard number
of experts is defined in the literature, it is considered that a Delphi study can generate
results from 11 experts [75,77]. Moreover, it likely depends on the research purpose and the
reference groups involved [43]. If the sample size is too small, the pooling of judgments will
not be representative enough, while if the sample is too large, the completion of the study
may be infringed by potential low response rates, due to the inherent time-consuming
feedback process [43]. Within our research context, this step was particularly challenging
because of the fragmented nature of the textile and fashion value chain, all the way to the
recycling stage. Although recruiting experts from homogeneous background entails the
risk of producing biased results [43], the involvement of the different stakeholder groups
was essential to confront their views on this system-level matter. Given this unprecedent
representativeness, we assumed that consensus observed would rather provide substantial
results for the sector.

To select the most appropriate individuals, authors recommend proceeding through
a rigorous nomination process without further specifications [78]. Therefore, we initially
defined relevant stakeholder groups reflecting the different actors involved in the recy-
cling value chain. We also considered it relevant to include academia, confederations,
and other active institutions specialized in the field of textile recycling. Based on these
stakeholder groups, we progressively built a database of experts by soliciting professional
recommendations and by conducting a review process, using a number of sources, includ-
ing media articles, available reports, web searches, or industry association membership.
We anticipated that motivation would be key to the successful implementation of the
study [43] and thus, we decided to initially send an email to each nominated expert with
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a summary document explaining the research objective, the method, and the timeframe,
to gauge interest and availability to participate in the study. As we received responses or
not from the experts, we continued this process reiteratively until reaching a sufficiently
representative panel that would allow the convergence of ideas on the topic.

In total, we contacted 39 experts and we obtained the confirmation of 28 experts, as
shown in Table 3. To ensure the most competent experts within the specialized area of
knowledge and ensure the quality of the results [43], we mainly selected senior skill-level
profiles. The panel is evenly split between women (61%) and men (39%), as well as between
the stakeholder groups:

Group 1: Fashion and apparel companies (18%);
Group 2: Textile manufacturing companies (11%);

Group 4: Recycling companies (14%);

Group 5: Institutions and policymakers (14%);
Group 6: Research, support, and innovation organizations (18%).

Group 3: Collecting, sorting, and trading organizations and companies (25%);

Table 3. Panel of the 28 experts established following the selection process.

Stakeholder Group Type of Stakeholder Expert’s Position
High-end segment Head of Circularity
G1 High end segment Head of Recycling Activities
Fashion and Mid-range segment Head Quality and R&D
apparel companies Sportswear Textile Recycling leader
Workwear Owner

Spinning mill (mechanical recycling wool,

G2 . Sales Manager
Textile and spinning cotton/ Polyester, poly.amlde) . ) 8
manufacturing Textile company (silk) Textile De51gner Head of R&D. )
companies Textile company (wool) Head of Innovation and Sustainability
Charity organization Head of Textile Mission
G3 Social integration company Textile Recycling Project Manager

Collecting, sorting,
and trading
organizations and

Industrial group (comprising recycling activities)
Solution for brands for reuse, recovery, and recycling
Solution for brands for reuse, recovery, and recycling
Solution for brands for reuse, recovery, and recycling

Head of Collection Program
Chief Executive Officer (CEO)
Chief Executive Officer (CEO)

companies Chief Executive Officer (CEO)
Trading and tracking platform for industrial textile waste Sales and Marketing Lead
Chemical recycling company Process Technician
G4 Chief Marketing Officer & Head of

Recycling companies

Chemical recycling company
Mechanical recycling company

Mechanical recycling company

Investor Relations
Chief Executive Officer (CEO)
Chief Sustainability & Marketing

Officers
Professional Confederation Policy Officer Sustainable Business
G5 . . . . )
I Professional Confederation Senior Policy Officer
Institutions and . . . .
. " Professional Confederation Recycling Project Manager
policy officers - . . . .
Organization managing end-of-life products Head of Innovation and Recycling
G6 Non-Profit Organization promoting Circular Economy Senior Policy Officer
Non-Profit Organization promoting Circular Economy Research Analyst Circular Textiles
Research, support, .
. . . . Program Manager for Sustainable
and innovation University -
e Textiles
organizations

Innovation Research Centre
Industrial Cluster

Business Manager Circular Economy
Business Manager

3.2.3. Phase 3: The Round’s Procedure

The initial questionnaire of 23 statements was sent to the experts through a dedicated
voting link via Color insight, on which they were required to provide their opinion based
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on the Régnier Abacus color grid, as shown in Figure A1l (Appendix A). To avoid any
interpretation during the analysis, participants were also asked to justify each of their
answers with a short comment. Moreover, at the end of the questionnaire, experts has
the opportunity to submit additional statements if some were missing, thereby strongly
enriching the study. As suggested in the literature [43], the timeframe was a challenging
aspect to maintain the subject motivation during the completion of the study, notably with
the high number of participants. To prevent non-response and avoid a discontinuity in the
answers between the rounds, experts were given two weeks to reply, and the same period
was planned for the questionnaire review.

Resulting from the color votes proposed by the experts on each statement submitted in
this first questionnaire, an item matrix was generated, as shown in Figure A2 (Appendix D).
The items matrix enables to overview, from top to bottom, the most favorable statements
to the most unfavorable, with dissensus in the middle of the picture. The matrix was
generated according to the “classic mode” proposed by Color Insight: the color weights
are 5 for dark green, 4 for light green, 3 for orange, 2 for light red, and 1 for dark red.

Throughout a review process, the authors examined and synthesized the votes and
comments from this first round. As there is no standard threshold in the literature, it was
decided that a consensus was reached once 60% of answers in favor (green) or against (red)
was observed. Based on the comments, 3 statements were added and removed respectively,
and all the other items were carefully reworded accordingly. Such modifications were
clearly indicated in the second questionnaire, by the respective mentions of “new item”
and “edited item” in front of each statement.

The second round was launched with the same participants and included the following;:

The refined questionnaire of 21 items provided in Appendix C.
A summary document presenting the first-round results, to give the occasion to the
experts to confront and reassess their previous answers.

e A full report with the breakdown of votes and the anonymized comments for each item
was added to minimize the distortion risk, commonly described in the literature [43].

No new comments emerged during the second round, and the major opinion trends
among the experts were confirmed. Therefore, we considered that the majority of conver-
gence was reached, and we decided to end the study.

Only positive consensus was reached following both questionnaires, the remaining
statements being subject to dissensus among experts. As shown by the respective matrix
Figure A2 (Appendix D) and Figure A3 (Appendix E), the results are not highly pronounced,
which complicated the analysis. Therefore, the examination of votes and comments was
performed through iterative reviews by the steering committee to limit as much as possible
the subjective bias in the interpretation. Nevertheless, favorable consensus and disagree-
ment stand out to a greater extent in the second round. As a result, 10 statements reached
positive consensus, out of the 21 submitted, despite the heterogeneity of the panel, and the
supporting comments provided further insights, described in the findings.

It should be noticed that 23 of the 28 experts from the first round responded to the
revised questionnaire in the second round. While this drop in participation is one of
the shortcomings of the research method [43], the representativeness of the panel was
maintained, and thus, the findings remained coherent with the preceding results.

4. Findings and Discussion

Following the Delphi-Régnier study, the steering committee synthetized the answers
provided by the experts. Considering the refinement and addition of statements, based on
received comments in the second round, we attempted to group the opinions by coherent
themes. Derived from the study conducted by Elander et al. [63] in 2016, the following
five categories were identified as the most relevant for aggregating the statements while
ensuring a sufficient level of detail. Although closely connected, the categories encompass
critical aspects of textile recycling, thereby allowing to evaluate the reviewed challenges
in relation to the value chain described in the first section of the paper. In addition, a
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significant “organizational” issue emerged during the completion of the study, which
resulted in the inclusion of a fifth distinctive category entitled “coordination”.

Product and material input
Information

Technologies

Markets

Coordination

The key findings are discussed accordingly, using the subsequent formula to reference
the items: (RY-IX)—Y referring to the round’s number and X to the statement’s position in
the items” matrix provided in Appendix D and the Appendix E.

4.1. Product and Material Input
4.1.1. The Lack of Eco-Design Practices

The lack of eco-design practices in the sector is highlighted as a major challenge
(R2-T1). While addressed through several design features in the first questionnaire, it
was distinctively mentioned in a number of comments, and it emerged as the highest
positive consensus of the study (82%). Fashion companies currently do not integrate
recycling in the design process, while the end-of-life of the product should be strategically
integrated in the design process [12,15,51]. Moreover, eco-design must be addressed as
a thought-confronting process including all the value chain, considering both durability
and recyclability, which can be conflicting in practice. Several authors highlighted such an
issue [14,63], and Sandvik et al. advanced the notion of “conditional design” [14] requiring
further understanding of the use context of clothes.

Among the most impactful design features, the profusion of material blends reached
the strongest favorable consensus (75%), consistent with the findings from the literature
review, while it was slightly mitigated in the second round (R1-I1 and R2-I8). Textile mate-
rials can mostly be recycled with current mechanical recycling technologies, but material
blends restrain recycling applications mainly to very low value applications. Yet not all
blends are problematic, and some are necessary to provide long-lasting products, raising
the potential contradiction between durability and recyclability. Moreover, it is likely
to be overcome with adapted and efficient technologies, partly explaining the nuanced
opinions observed.

The presence of external accessories, also referred to in practice as “hard points” (such
as buttons, zippers, rivers ... ), emerged as an important disruptor of textile recycling
(75%), particularly in the first round (R1-I4). Certain external elements (i.e., care labels)
are problematic in certain recycling pathways, and especially for closed-loop recycling
by contaminating the process, depending on their composition. This is equivalent to the
preceding statement relating to material blends. In addition, the presence of external
accessories is causing cost inefficiencies due to the manual dismantling process. Yet, other
obstacles seem more critical, and the statement received less favorable votes (57%) in the
second round (R2-114).

The other design features enquired about, which are less prevalent in the literature,
do not stand out. Yarn and fabric construction can influence the appropriate recycling
route, especially for closed-loop applications, but to a lesser extent than material blends
(R1-I19). The introduction of new materials is not considered as a potential inhibiting factor
(R1-121). There is rarely an introduction of new materials, and it likely depends on which
materials. Even new materials form part of a wider fiber family and can be grouped with
similar fiber types, as highlighted by one expert.

Finally, the initial fiber quality is more decisive than the use conditions (i.e., wear-
ing and washing), especially to enable spinnability in closed-loop applications through
mechanical recycling, but not with chemical recycling (R1-113).
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4.1.2. The Presence of Chemical Substances

Almost reaching positive agreement (57%) in the first round (R1-I8), the impact related
to the use of chemical substances appears confusing (R2-118). Expressly addressed in the
comments by some experts, this lack of clarification is endorsed by the significant share of
white votes (“I don’t know”) observed in the second round. Chemical substances hamper
some recycling routes by decreasing the output value or by limiting end markets. Yet,
it is not clear which exact chemical substances disrupt the process and to what extent.
Classifications must be provided linking chemical substances to each specific technology,
to advance alternatives in practice.

Refashion accordingly believes that the priority is to focus resources and effort on
industrializing the recycling of non-reusable waste, before going all out into raising the
collection rate.

4.2. Information
The Lack of Information on Materials Content

Essentially addressed from a technological perspective in the first round (R1-2 and
R1-I5) the aspect was submitted distinctively in the second round to unravel opinions
on current obstacles and became further explicit (R2-13). Information availability on the
product components is essential in directing to appropriate recycling routes. The current
lack of information is considered as one of the critical challenges (65% positive votes and
few votes against) in the sector (R2-I3) as labels are cut-off, inaccurate, or variations occur
compared to the initial composition following the use phase (as highlighted by Wilting and
Van Duijn in 2020 [27]). Therefore, improving identification of non-reusable textile flows is
necessary to ensure homogeneous feedstock and enhance recycling applications.

4.3. Technologies
4.3.1. Importance of Technologies Supporting Identification

Overall, the current sorting process emerges as one of the major bottlenecks in the
value chain (R1-12, R1-I5, and R2-16). The pre-sorting for quality aiming to differentiate
reusable items from non-reusable ones will necessarily remain manual, but automated
sorting is key to enhance material composition sorting and thus, recycling applications.
However, the business model of the current sorting system is based on reuse categories
towards second-hand markets and is not set up for composition sortation. Automated
sorting machines supported by optical and artificial intelligence technologies are available
(i.e., FIBERSORT, CETIA platform, SIPtex, or IMEC were mentioned), but the implemen-
tation is trivial to scale-up. Those technological infrastructures involve high investment
costs, requiring enough demand for this sorted material and adaptation of the business
model, which still needs to be resolved at this stage.

On the other hand, the lack of tracking technologies to convey information up to
the end of life is usually identified as a critical challenge [13]. Still, the second round
emphasizes a strong dissident among the experts (R2-117). Quite a few consider the use of
product-tracking technologies unrealistic, at least in the short term for mitigated experts,
with regards to the fragmentation of the industry hindering data exchange across the
value chain. It would not prevent inaccurate information or handle existing variations
of content resulting from the use phase. Moreover, it would require the use of the same
standards and would risk further impeding the process. Thus, some experts explicitly
acknowledge optical sorting technologies as more promising. Opinions are very divided,
and there is still a lack of evidence on the ability of tracking systems to overcome the
consumer phase until the recycling stage in the sector. This contradicts previous research
highlighting the requirement of such technologies to advance recycling (i.e., RFID et
blockchain, notably) [9,14,32,46,62].
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4.3.2. The Need for an Eased Disassembling Process

The manual dismantling stage prior to recycling is also recognized as a significant
obstacle in Europe due to cost inefficiencies (R1-16 and R2-17). The iteration process
between the two rounds enabled explicit opinions to be identified. While the deficiency of
automated disassembling technologies still reaches positive consensus (65%) a persistent
share of disagreement is discernible (R2-17). Yet again, technologies are available (i.e., Picker
from Laroche or CETIA platform mentioned) but technological improvement is needed.
Some experts are divided on the potential leverage of these technologies, and instead
address a design issue related to eco-design strategies. In contrast, the use of innovative
manufacturing technologies (i.e., dissoluble yarns...) to smooth the dismantling process is
prompting dubiousness (R1-116/R2-115).

4.3.3. The Lack of Scale-Up Innovative Recycling Technologies

The statements associated with the current state of recycling technologies nudged
disagreements and raised several comments until the end of the study (R1-117, R1-I18,
and R2-120). By decreasing the fiber length during the process, mechanical recycling
limits closed-loop applications necessitating to mix short fibers with virgin ones to reach
sufficient quality (as shown by the favorable consensus of 64% in the first round—R1-117).
The constraints associated with the process must be understood to make the best use of
the technology. Still, it can provide diverse open-loop applications, and different markets
must be considered to absorb all heterogenous feedstock (as reflected by the increasing
share of mixed opinions in the second round—R2-110). Progress for thermal and chemical
recycling is underway to improve closed-loop opportunities. Several technologies are
available for most material streams, but it is rather a challenge of investment and support
to reach industrial scale (R1-118 and R2-I12), which entails several critical aspects according
to the comments (as shown by the disagreement in the second round—R2-120). While
addressed in the literature [14] the lack of environmental performance assessment of
recycling technologies raised disagreement among the experts.

4.4. Markets
4.4.1. Insufficient Competitiveness of Recycled Content

The statements related to demand and economic viability of textile recycling stirred
up strong disagreements among experts. The current state of demand for recycled textile
materials is inconclusive. Still, a market shift is advanced with an increasing demand for
textile-to-textile recycled products from brands. Several costs inefficiencies are resulting
from the recycling pipeline, but opinion is divided between the low price of virgin materials
and the lesser quality resulting from current mechanical recycling to explain the negligible
share of closed-loop recycling (R2-113).

4.4.2. The Lack of Investments and Long-Term Commitment

High investment costs and lack of long-term engagement are currently hindering
the development of thermal and chemical recycling and the development of closed-loop
recycling at this stage (R2-112). One expert suggests a lack of economic, environmental, and
technical scale-up vision, which discourages future investments. Overall, comments concur
with the need for policies and collective actions to increase demand for recycled content.

4.4.3. The Need for Policies to Increase Market Opportunities

The absence of incentive policies to incorporate recycled content arises as the sec-
ond most consensual statement in the second round (R2-12) following several comments
(R1-I3) and corroborates previous research addressing the need for regulations for the
implementation of circular economy in the sector [12,51]. Public policies are needed to
increase competitiveness of recycled content and support investments towards recycling
technologies. More than incentives, the use of recycled content should be enforced by
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regulations according to some experts, and the recent Anti-Wastage and Circular Economy
Law adopted in February 2020 in France was put forward.

4.5. Coordination
4.5.1. The Lack of Standards on Textile Recycling

At sector level, the lack of standards on notions such as “recyclability”, “recycled
content”, or “disrupting factors” is failing to promote eco-design practices (R2-14). More
widely, further clarifications are needed to foster common understanding on textile recy-
cling and disentangle impediments resulting from some disruptors in relation to existing
recycling pathways. Yet, a few experts advised that rigid standards could hamper the
constant innovation needed on textile recycling.

4.5.2. The Lack of Sector-Coordinated Vision

The lack of coordinated vision at the EU level fails to support the improvement
of textile recycling (R2-15), and a harmonized EU Textiles Strategy from the European
Commission is expected. Throughout the study, several measures were mentioned to
address either labelling issues or trade barriers, requiring defining up front priorities to
enhance textile recycling.

4.5.3. The Deficient Collective Governance

The lack of collaboration and governance between the stakeholders along the value
chain is sustained by a steady consensus (R1-17 and R2-19). Given the fragmentation of the
industry and the correlated shortcomings along the value chain, a decisive organizational
challenge is apparent. Comments range from the failure in governance with scattered
initiatives, the lack of collaboration and specific actions, to the lack of communication.
Altogether, coordination between the actors is crucial, and a few initiatives are mentioned,
such as the Telaketju eco-system in Finland or the recent multi-stakeholder ReHubs project
launched by EURATEX, aiming to set up an integrated system on five recycling hubs
within Europe.

5. Limitations and Research Perspectives
5.1. Limitations

The first limitation of the study derives from the composition of the panel. Despite
applying rigorous procedure rules, the selection inevitably entails shortcomings. Due to
the wide range of statements and stakeholder groups, expertise was unevenly distributed
among the experts, and it likely influenced the results. However, the panel was coherent
with regards to the research objective, which did not aim to provide an in-depth exposition
of the topic. Moreover, the study did not aim to explore the consumer’s perspective. This
limitation inevitably narrows the analysis of some barriers, such as the lack of awareness
or the lack of demand for recycled content, requiring further investigations on consumer
behaviors [79]. To generate valid results, the study required us to involve high-skilled
experts with a substantial experience in the field. However, the opinion of younger
generations of professionals should be considered in future research [80] especially to
explore enablers to unravel these textile recycling challenges.

Inherent to the Delphi method used, the second limitation is the design of the first
questionnaire. Although experts had the possibility to submit comments and propose other
statements later on, the orientation of the first questionnaire from the start probably created
a subjective bias.

Another limitation results from a diverging interpretation observed on certain terms.
We noticed that “textile recycling” was sometimes comprehended as equivalent to “textile-
to-textile recycling”. Although the wording of the sentence was carefully reviewed to limit
the risk of misinterpretation, it certainly influenced the results. Still, experts were asked to
provide comments in support of their votes, which enabled us to limit this shortcoming
through a cautious review process.
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Finally, a last shortcoming resides in the research approach applied. While the Delphi-
Régnier method allowed us to gather empirical data and visualize expert’s opinions to
identify the priority challenges of textile recycling, further statistical analysis should be
conducted to corroborate the results and to define precise roadmaps for the sector.

5.2. Research Perspectives

Following this research, several perspectives have emerged.

From a theoretical perspective, only a few comprehensive frameworks on textile recy-
cling were found in the extant literature. These frameworks mainly consist in mappings of
the different stages of the value chain. Consequently, a significant obstacle was encountered
when attempting to delimit the scope of the review.

The paper highlighted a lack of empirical knowledge in the literature. Based on the
findings, several case studies could be conducted, allowing deeper level of observation
and in-depth results. Case studies could investigate the implementation of traceability
solutions in the textile value chain up to the recycling stage, as the technical, economic,
and organizational viability of such solutions is still unascertained. Especially, in view
of the apparent dissidence, it could advance research on circularity in the industry by
investigating the leverage of these technologies in closing the textile loop. Case studies
exploring stakeholder projects, such as the Rehubs initiative launched by EURATEX, could
provide valuable insights on the governance and collaborative challenges necessitating
by such innovative and large-scale management of material streams. Further case studies
could research innovative business models to explore the implementation of circular
strategies in the industry, especially with regards to the tensions between durability and
recyclability. Given the lack of consensus on the demand for recycled products, more
research should also be conducted with consumers to explore their perception regarding
recycled products [79].

Finally, our study is qualitative and thus only elicits the main consensus among
the experts on the existing challenges in the sector. It does not enable to prioritize the
obstacles towards a fine roadmap or to suggest interconnections between the different
critical aspects. Nevertheless, the findings show evident opportunities for extra research.
Other methodologies could be used, such as the multiple-criteria decision analysis (MCDA)
or the econometric analysis, to corroborate, invalidate, and further clarify the findings of
the study.

6. Conclusions

This paper aimed to deepen understanding of the current challenges of textile recycling
and the priority concerns to address in the fashion and apparel sector. To achieve these
research objectives, a systematic literature review supplemented by a Delphi-Régnier study
was performed.

Regarding the first research question, the coding process applied during the literature
review allowed us to discern a set of challenges in the recycling value chain. Through the
iterative process of the Delphi-Régnier study, those challenges were discussed and revised,
based on experts” comments between the two rounds, advancing empirical knowledge on
the topic. Based on the findings, the lack of eco-design practices emerges consensually as
the major barrier preventing the enhancement of textile recycling. Innovative recycling
technologies are crucial to develop textile-to-textile recycling and are now available for
the main material streams. At this stage, industrialization is rather problematic and is
interrelated with several other critical aspects. Beyond requiring substantial investments,
recycling technologies entail abundant and suitable textile flows input to scale-up. Yet,
the current manual sorting system arises as a significant bottleneck in the value chain,
due to discrepancies with the paramount separation for material composition towards
recycling applications. The lack of information availability and accuracy on products
components hinders directing textile feedstocks to appropriate recycling routes. Hence,
improving textile recycling is closely related to the identification of technologies. As one of
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the main original findings, a strong dissidence prevails on the potential of product-tracking
technologies to convey information up to downstream in the value chain, and experts
are more inclined to automated sorting technologies. Still, the business case needs to be
resolved as the entire management system of used textiles flows is rationally structured
around reusability, in accordance with the waste hierarchy. Consequently, more than a
technical issue, the study instead suggests an essential restructuring of this complex value
chain to support the improvement of this resource management system, highlighted by the
strong focus on challenges at the sector level.

Through the emergence of consensus and dissensus on the topic, we were able to
answer the second research question. The lack of eco-design practices, the absence of
incentive policies, and the lack of available and accurate information on the product
components emerge as the most consensual statements in the second round. Based on the
results obtained from this iterative process, three dominant challenges distinctively stand
out, without specific order of importance: (1) The need to advance eco-design practices
consistently with respect to reusability and recyclability strategies; (2) The strong requisite
of policies and governance to advance textile recycling; (3) The necessity to unravel the
deficiencies related to the current manual sorting system.

Based on a European perspective, the study significantly emphasizes the critical im-
pact of public policies and provides support for several recommendations to enhance
textile recycling in the sector. Especially, in the perspective of the mandatory separate col-
lection [41], the findings call for measures endorsing the optimization and industrialization
of the recycling value chain, rather than an increased collection of used textiles in Europe.
Finally, by refining some general assertions on the topic and providing extensive empirical
knowledge on the topic, this paper can help practitioners to advance relevant initiatives.
The study also highlights several research opportunities, especially on the leverage of
traceability technologies to enhance textile recycling in the industry. However, the method
used has inherent limitations, and further statistical analysis should be conducted to further
explore the priorities or interrelations between such challenges in the sector.
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Appendix B

First Questionnaire Statements with Their Vote’s Distribution
18%
The lack of dedicated and separate collection infrastructures in several countries for textile waste prevents the
development of textile recycling.

29%

The lack of efficient and cost-effective automated sorting technologies, able to provide well-defined and homoge-
neous feedstock (composition, quality and color) is a major barrier to enhance textile recycling.

25%

Enhancing recycling further requires advanced information systems to exchange data across the value chain on the
precise composition and chemical inputs of discarded textiles.

43% e %

The lack of innovative manufacturing technologies prevents eased disassembly of the product at the end-of-life.
25%

The absence of technologies enabling an eased disassembling process hinders the development of textile recycling.
36%
The current limited recycling technologies prevent the development of textile recycling towards high-value applications.
18% 7%

The development of textile recycling is restrained by the insufficient maturity of new recycling technologies

21%
The insufficient connection between demand and supply of textile waste inhibits resource availability and effective
trading of recycled materials.

18%
The large variety of blended materials in the industry is a major barrier as reducing opportunities for textile recycling.
32% 7%

The construction of the yarn or the fabric is an important potential disruptor to the recycling process.
21%

11%

The increasing introduction of new materials in the industry is a potential inhibiting factor by creating challenges
with recycling streams.

e T 3%
The use of chemical substances contribute to disrupt the recycling process by decreasing the value of the output.
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The presence of external accessories (such as buttons, zipper, carelabels..) is another important disruptor of the
recycling process.
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14%
The available mechanical recycling technologies only provides outputs with limited recyclability.
14%

The limited profitability of textile recycling is a significant bottleneck in textile recycling, preventing recycled
materials to compete with virgin ones.

18% 7%
The high costs of research and development associated with the development of new recycling technologies
discourages prospective investments.

I S - s 7
The development of textile recycling is restrained by the uncertain end-market opportunities.
¢ e .
The development of textile recycling is restrained by a limited public awareness, implying low collection rates.
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The lack of collaboration and alignment between all the stakeholders (collectors, sorters, recyclors, manufacturers,
brands, policy-makers, consumers) curbs the improvement of textile recycling.
18%
The missing clear regulatory framework from policy-makers fails to support the improvement of textile recycling.
36% 7%
The lack of accurate demonstration of environmental performance for innovative recycling technologies and the
overall end-of-life treatment is a challenge in textile recycling.
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Appendix C

Second Questionnaire Statements with Their Vote’s Distribution
17%
EDITED: No separation at collection points (e.g., mix of textiles with different compositions...) is a barrier to recycling

value chain efficiency
26% B
EDITED: The lack of available and accurate information on material and chemical content prevents access to
appropriate recycling channels

26%
EDITED: The lack of automated identification and sorting technologies (such as optical sorting and artifical intelli-

gence technologies) is a barrier to recycling value chain efficiency

35%
EDITED: The use of product tracking technologies (e.g., digital passports) by fashion companies seems unrealistic to

ensure information traceability on composition and chemical substances until end-of-life

35%
EDITED: The lack of innovative manufacturing solutions prevents performant disassembling (e.g., use of disoluble

yarns by fashion companies etc...)

17%
EDITED: The deficiency of automated disassembling technologies (meaning separation technologies prior to
recycling) hinders recycling cost-efficiency

2% I
EDITED: Failure to identify appropriate feedstocks through digital platforms is limiting open-loop recycling
opportunities

EDITED: The current profusion of material mix and fiber blends in the industry reduces the market opportunities

e e %
EDITED: The presence of external accessories (e.g., buttons, zippers...) is a major barrier to recycling value chain efficiency
IS 2% A

EDITED: The current presence of chemical substances in textiles limits market applications, specifically by hampering
chemical recycling process
30%
EDITED: The low quality of post-consumer feedstock impede closed-loop recovery
13%

NEW ITEM: The lack of eco-design practices on product recyclability by fashion companies is a major obstacle to
develop textile recycling

39%
EDITED: The reduction of fiber length during the mechanical recycling process brings limitation to end-market op-
portunities

39% 13%
EDITED: The scarcity of available recycled products is due to the lack of scaled-up thermal and chemical recycling
technologies

22%
EDITED: Recycled content is not competitive enough compared to low priced virgin materials for garment applications
13% 9% 17%

EDITED: The high costs of investment and difficulties to commit long-term for scale-up hinders the development of
thermal and chemical recycling technologies

22%
EDITED: The lack of communication and governance between all the value chain actors obstructs the improvement
of textile recycling

T % 22% e
EDITED: The lack of a coordinated vision at the EU level fails to support the improvement of textile recycling
T %% S

NEW ITEM: The absence of textile recycling standards (such as: recyclability, recycled content, disruptors to
recycling...) fails to promote eco-design practices
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22%
NEW ITEM: Absence of incentive policies to incorporate recycled content is limiting the demand for recycled materials
13 G
EDITED: The lack of efficient way to compare the recycling process between them does not promote the use of
recycled materials
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Appendix D
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Figure A2. Items matrix of the first questionnaire (first round).
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Appendix E
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Figure A3. Items matrix of the second questionnaire (second round).
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Abstract: Given the potentially significant environmental impacts of fashion design, various design
approaches are required to extend product lifespan. Digital design methods may play an essential
role in reducing the environmental impact of products and production processes. In addition, a
design approach inspired by nature, where humans have long lived, is valid for sustainable design
innovation. The purpose of this study is to examine the aesthetics of Koreans, who prefer nature, and
to find a sustainable fashion design approach by using it as a knowledge database. In this study, a
parametric design methodology that can reflect knowledge-based data in the process of producing
3D printing sustainable fashion products, considering the emotional durability of consumers, was
used. The study results are as follows. From the aesthetic point of view of Korea, sustainable design
characteristics represent unique Korean folk art, resilience to nature, and simplicity that resembles

a

nature. The properties of the form represented to “forms resembling nature”, “changeable forms”,

“organic forms”, and “minimal forms”. Materials were “nature inspired textures”, “
materials”, and “regional materials”. Colors were “the colors of nature” and “indigenous colors”.

The parametric controls variables used for 3D printing the fashion products were size, assembly style,

rustic natural

and sustainable material. These control parameters were used to create designs according to the
individual taste of users. In the 3D printing fashion product design process, pieces were printed in
different shapes and sizes by controlling the parameters to create designs according to users’ tastes
and Korean aesthetics. It was determined that this process could extend the lifespan of products, and
that it is possible to modify sustainable fashion products according to personal taste by adjusting
numerical values and extracting visual images based on knowledge of art and culture.

Keywords: emotional durability; 3D printing fashion product design; Korean aesthetic

1. Introduction

Design for sustainability first started out of concern for environmental issues; it has
now gone beyond moral and ideological dimensions, and has recently evolved from a
general clean production method to a focus on products, and includes the social, economic,
and environmental factors of production [1].

Sustainability practices aim to increase successful interdependence between human
societies and ecological systems [2]. Kozlowski et al. stated that in addition to the perfor-
mance in the three aspects of environmental, social, and economic sustainability, aesthetic
and cultural dimensions should also be considered [3]. However, sustainable fashion
products tend to be indifferent to individual taste, lifestyle, and user properties that relate
to cultural environments [4,5]. For Gwilt, from a sustainable life-cycle point of view, if
users’ opinions and experiences were reflected in and applied to design, this could lead to
a sustainable fashion development method [6].

Sumter et al. presented several sustainable design approaches, among which are the
nature-inspired design and design for social innovation that this study focuses on [7]. Being
inspired by and imitating nature has long been considered a valid approach to design [8],
and design methods inspired by the natural environment and living culture can serve as
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sustainable design approaches. [9,10]. These design approaches include direct, indirect, and
symbolic experiences of nature, use of natural materials, small ecological footprints, and
design in relation of the ecology of place, culture, and history [8,9,11,12]. In this respect, this
study conducts research on sustainable fashion products with a focus on Korean aesthetics,
which is related to both sustainability and philosophy related to nature.

Oriental philosophy implies a symbiosis between nature and humans, including
Taoism—which contains ideas that are consistent with nature—,Buddhism—which believes
that because everything exists in relation to each other, there is no independent entity—
and Confucianism—which contains the idea that nature and hu-mans are one [13,14].
This philosophy is reflected in traditional Korean houses and lifestyles, and is handed
down to future generations via sustainable design that pursues symbiosis and coexistence
with nature and ecological conservation. Culture and technology are inextricably linked;
thus, sustainability combined with social considerations and improved design can address
environmental challenges [15]. Computer technologies that facilitate innovative social
transitions enable sustainable design processes with a focus on highly efficient solutions
that minimize environmental impact, as covered in previous studies [7,15]. By manufac-
turing products at the last stage of the computer aided process plan, 3D printing enables
a sustainable approach to design. The development of digital technology as a design
expression tool increases user attention on and participation in the design. Digital tech-
nology expands design tools for society. For example, improvements in sustainability are
achieved by encouraging interactions between consumers and designs. In this regard, 3D
printing employs additive manufacturing (AM), an innovative technology that produces
zero waste [16,17].

The purpose of this study is to present a sustainable fashion design approach using
the image of Korea pursuing coexistence with nature as a knowledge-based database. In
order to increase the emotional durability of consumers, a parametric design methodology
through knowledge-based data in the 3D printing fashion product design process was
used. Fashion products modeled through this process enable the production of eco-friendly
products that pursue net zero through 3D printing using eco-friendly filaments.

2. Theoretical Background
2.1. Sustainability and Local Culture

In 1996, UNESCO published the report “Our Creative Diversity”, which emphasizes
the relationship between culture and sustainable development. The UNESCO Intergov-
ernmental Conference on Cultural Policies for Development was held in Stockholm in
1998. Similar to the 1996 report, the correlation between culture and sustainability was
emphasized throughout this conference; in particular, the significant contribution that
creativity and cultural diversity make to sustainable development [18]. Moreover, “The
Universal Declaration on Cultural Diversity” note that cultural diversity is as necessary to
humanity as biodiversity is to nature. Cultural diversity is the root of economic growth
as well as intellectual, sentimental, ethical, and mental achievements [19]. At the 2005
UNESCO Convention, the protection, promotion, and maintenance of cultural diversity
were deemed essential to present and future sustainable development [20], suggesting that
sustainability extends beyond environmental, economic, and social domains to include the
cultural domains. There has been increasing attention among academics on the search for
elements that correspond to consumer sensibility in sustainable development [18,21-23].
This study seeks to extend the domains covered by sustainability beyond environmental,
social, and economic aspects to include cultural aspects.

Korean aesthetics incorporate the aesthetics that adapt to nature [24], and designs
reflecting local cultures can increase emotional durability [22]. The Korean aesthetics see
nature and humans as single entity, values harmonious living, and believe deeply in sharing
with future generations [14]. Korean aesthetics emphasize nature-inspired beauty without
embellishment by maintaining and utilizing the shape, texture, and color of nature [25].
Korean aesthetics align with the concepts of environmental preservation of sustainability,
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coexistence through natural circulation, the developmental evolution of ecosystems, and
the pursuit of coexistence between humans and nature. For fashion products, the lifespan
of the product is often determined by the empathy of and relationship with the user [6].
Objects designed to reflect local culture can build empathy and meaning for users, enabling
a design that considers the user’s sensibility to practice sustainability by strengthening the
emotional durability of the product.

2.2. Korean Aesthetics
2.2.1. Unique Korean Folk Art

Koh, a pioneer of aesthetics in Korean art history, developed a theory on the subject
of aesthetics in human life [26]. Koh claimed that Korean aesthetics reject artificial and
sophisticated perfectionism and that traditional Korean art favors materials obtained from
nature. He specified that Korean aesthetics have properties of folk art in that they enact
understanding of cultural life sensibility. Artless art, unplanned planning, lack of refined-
ness, unevenness, indifference, and savory taste, which Koh considers the characteristics of
traditional Korean aesthetics, mostly stem from Taoist thinking [27]. Taoism argues that
the beauty of nature has achievements despite there being no artificial conduct. Moreover,
rather than being guided by an artificial value system, the existence of nature itself should
be the model [28]. This is similar to the study by Sumter et al. [7]. Figure 1a shows the
Korean lotus design roofing tile, which Kim describes as “humane” due to its softness
and mildness. Koreans admire calm and peaceful natural atmospheres without artificial
decoration [29]. In Korean folk art, practical and reasonable thinking are found in unifi-
cation [30]. Figure 1b shows a traditional handmade ramie Jogakbo, a traditional practical
textile constructed by joining pieces of fabric leftover from making clothes from the days
when materials were scarce. Similar to a modern recycling design, Jogakbo was used not
only for packaging household items or for wrapping things when moving, but also for
decorative and religious purposes, making it a multifunctional item. When many pieces
are connected, it symbolizes longevity and has the function of emotional durability.

(a) (b)

Figure 1. Lotus design roofing tile (a)—source: The National Museum of Korea (https://www.
museum.go.kr/site/main/relic/search/view?relicld=116730, accessed on 21 June 2021) and Ramie
Jogakbo (b)—source: The National Museum of Korea (https:/ /www.museum.go.kr/site/main/relic/
search/view?relicId=205909, accessed on 21 June 2021).

2.2.2. Resilience to Nature

Some properties of Korean aesthetics include valuing creativity that conveys human
touch and resilience that harmonizes with nature. Resilience in Korea means that the
environment and objects naturally come together, leading to an optimistic and naturalistic
attitude [31]. Such attitudes align with the Buddhist concept of holism, which claims true
beauty exists in the realm of no distinction between beauty and ugliness [31].

Resilience to nature uses minimal artificial lines and planes to preserve the surrounding
environment and harmoniously blend with nature. Figure 2, which depicts common and
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traditional folk housing called Choga, provides an example of this. The curve of the
round roof connects with the neighboring houses, in harmony with the line of the natural
environment. Resilience to nature is affected by one’s subconscious and holistic thought
before choosing to perceive beauty or ugliness. In Buddhist thought, this is a state where
the mind is immersed in one place and forgets about the self. Here, contrasting values are
extolled not to be viewed dualistically but rather as a unified, monistic whole that perceives
humans as part of nature [25].

Figure 2. Korean Choga (photograph taken by the author).

2.2.3. Simplicity Resembling Nature

Art historian Choi emphasizes that Korean art is replete with modest, silent, elegant
goodwill and noble beauty [32]. In his book “History of Korean Art”, Eckardt notes that
Korean art embodies simplicity above all else [33]. Eckardt recognizes the Korean aesthetics
for its classic trait of having a sense of nature inspired beauty. Similarly, he recognizes
its external lucidity, naturalness without exaggeration or distortion, simplicity without
greed, and moderate and calmness without excess [34]. Figure 3 shows a 17-18th century
jar, named the “moon jar” as it resembles the moon. The jar is simple; it is “neat”, without
decorations, and is a simple white color. Unnecessary elements are excluded in favor of
achieving the best possible “simplicity resembling nature” [29].

Figure 3. Moon jar. Source: The National Museum of Korea (https://www.museum.go.kr/site/
main/relic/search/view?relicld=941, accessed on 21 June 2021).
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Figure 4 shows the oriental philosophy that influences Korean aesthetics and sus-
tainable design through Korean aesthetics. Oriental philosophy that influences Korean
aesthetics, including Taoism, Buddhism, and Confucianism, is also in contact with the
concept of sustainability. This can be summarized as characteristics of Korean aesthetics
including unique Korean folk art, resilience to nature, and simplicity resembling nature.

Y

Taoism
Natural adaptation, the
greatest kindness is like
water, reversal is the
movement of the way

Buddhism
The self that does
not exist

Confucianism
Nature and
humans are one

Oriental philosophy
that influenced Korean

Unique Korean Folk  Resilience to Nature
Art seeks similarity of

seeks unification of nature and all objects
faith, life, and art

Simplicity Resembling Nature
serene and simple expression
with artless art, planless plan

form
forms resembling nature,
changeable forms,
organic forms,
minimal forms

material
nature inspired textures,
rustic natural materials
regional materials

color
the colors of nature,
indigenous colors

Sustainable design

components of Koreans’

philosophy aesthetics

Figure 4. Oriental philosophy influencing Korean philosophy, aesthetics, and sustainable design.

Source: the author.

2.3. Parametric Design

Parametric design is a computer expression method that creates a shape by param-
eterizing design properties into geometric elements. New shapes can be developed by
changing parameters without erasing or redrawing the modeled design [35,36]. A para-
metric model is a computed design of geometric elements with fixed properties and other
properties that can be changed. Variable properties are also called parametric properties,
and fixed properties are called constraining properties. Designers change the parameters of
a parametric model to find alternative solutions to the problems at hand [35]. In most CAD
systems, procedural information about how a designer creates a design model is basically
kept at the most basic level to implement functions such as do, undo, and redo, and few
tools are provided for manipulating the process. Script editors and interpreters mostly
operate as extensions and customizations of the system and are not properly designed
for use by designers for modeling [37]. Therefore, it is necessary to present a parametric
design process, which models fashion products. A parametric process is created with an
algorithm that implements the designer’s ideas. The generated algorithm can create and
transform various instances by adjusting the original parameters such as the position, scale,
and angle of the shape according to the concept, and the user can obtain an output suitable
for the intention through simulation [38]. Yoo et al. said that a parametric design process
based on the geometric principle of morphogenetic technique and the aesthetics obtained
from nature can bring about this creative design result [39]. In this study, by using cloud
technology to store modeled data, Fusion 360, which has the advantage of being easy to
share with collaborators, was used as software.
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3. Research Methods

This study aimed to develop sustainable fashion design products based on the char-
acteristics of Korean aesthetics, including the concept of sustainability. Modeling data for
3D printing product development are calculated in the parametric design process, and
it is possible to develop products with emotional durability through user intervention
along with knowledge-based data of Korean aesthetics. Parametric design is widely used
in software modeling. It allows various design alterations without deletion or a need to
redraw [35]. Parametric modeling can directly convert the numerical values set up by the
designer [40]. The designer creates an algorithm suitable to the concept by extracting the
concept into a visual idea based on knowledge of art culture theory. Here, a basic gene
is formed in the design. This gene communicates the generation of not only the general
geometric structures but also the basic, underlying patterns of the design. In this study, a
parametric design method was used, in which the designer adjusts the numerical value
of the product model modeled by the designer based on the knowledge base of Korean
aesthetics with the concept of sustainability.

3.1. Research Process

The sustainable product design development process is summarized in Figure 5, which
was developed by the researchers using the parametric methodology concept based on
Figure 5. This process explored sustainable design in Korean aesthetics and developed it
into a knowledge base, with parametric components related to product size and material
established. In this study, a necklace was selected as the type of fashion product. The
reason is that various design changes are possible by manipulating the various pendant
shapes and assembly styles that designers create through modeling data. Designers can
reflect user preferences and tastes when it comes to parametric control of pendant size and
assembly style.

Sustainable Korea Image Fashion Design

Exploring

Sustainable Design I

|

Unique Korean folk nature inspired

forms resembling

textures, the color of
art nature,
rustic nature nature,
changeable forms, -
ili materials, indigenous
Resilience to nature o g
regional colors

Simplicity resembling minimal forms materials

nature h 4 ¥ v
3D Printing Fashion Product Parametric Controls

=I Parametric Assembles

Figure 5. The 3D printing fashion product design process based on Korean aesthetics. Source:
the author.

3.2. Three-Dimensional Printing Product Design Development Tools

In this study, the software program, printer, and sustainable filaments were considered
as development tools for designing sustainable fashion products. Fusion 360: (2020 version,
Autodesk, San Rafael, CA, USA) software was used, as it has the advantage of utilizing
cloud technology that can store data and can be shared with collaborators to reduce time
and carbon footprint [41]. The sustainable 3D printing filament used in this study is
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1)

Assembly
ofa
modular
3D printer

not a commercially available. Because it proved difficult to achieve compatibility with
manufactured 3D printers, the researcher built a modular 3D printer to print the sustainable
wood filament. There are many sustainable 3D printing filaments on the market, including
beer filament [42], which is produced from waste by-products from the beer brewing
process, recycled filament [43], based on recycled plastic, algae-based filament [44], Paua
shell filament [45], and wood filament [46]. All products printed with the wood filament
are environmentally friendly in that they decompose when placed in the compost or are
sent to a landfill [47]. Wood filament was selected because it had the least plastic “feel”
among sustainable filaments, and the surface feeling of the print was considered to capture
the simplicity of Korean aesthetics. In addition, it may stimulate the emotional durability
of consumers of sustainability, who prefer a sense of “friendliness” to nature, as it exhibited
less artificiality of feeling and showed the natural properties of wood.

4. Results
4.1. Three-Dimensional Printing Fashion Products Design Process Based on Korean Aesthetics
4.1.1. Exploring Sustainable Design Based on Korean Aesthetics

As discussed above, the sustainable fashion design characteristics discovered in Ko-
rean aesthetics were unique Korean folk art, resilience to nature, and simplicity resembling
nature. The design of the case product was inspired by the lotus design in Figure 1. This
pattern was extracted from roof tile design—an element of Korean architecture. The lotus
pattern constitutes unique Korean folk art, and although it is not perfect, it expresses Korean
beauty in that it is easy to compute with a symmetrical pattern and there are few artificial
elements. This image was translated into digital data. Then, the parametric function and
the limit scale were set up through the 3D software program.

4.1.2. Parameter Control

The components of sustainable fashion design are form, material, and color. The prop-

”ou

erties of form that reflect Korean aesthetic consciousness are “form resembling”, “nature”,

s

“variable form”, “organic form”, and “minimal form”. The material properties are “the
texture of nature”, “rustic nature materials”, and “regional materials”. The color proper-
ties are “the colors of original nature” and “indigenous colors”. Based on this, size, the
assembly style of the necklace, and sustainable filament were set as the moderator variable
for the sustainable properties of the necklace. By limiting the associated numerical value
during the fashion product modeling process, the internal design shape was configured to
not invade the outline. This allows various size graftings to be initiated within the given
limits, and the variables can be adjusted to reflect the user’s taste in line with the program

designed by the designer and can be changed into various designs.

4.1.3. Three-Dimensional Printing Process
Figure 6 shows the six steps involved in the 3D printing of the fashion product.

(3)
)
) (3) Inputting (6)
the diameter
CURA: Setting th , of the
g the

Chosen as appropriate |_, S::;ng . nozzle value D
the slicing model shell appropriate P 9
software value infill value.

Selecting ;
the
temperature )
Figure 6. A concept diagram for the process of 3D printing. Source: the author.

The first step was the assembly of a modular 3D printer. Sustainable 3D printing
filaments are not yet widely used, and compatibility with existing 3D printers is low. Hence,
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a modular 3D printer was developed. Exploration of a slicing program that can insert
an optimal output value depending on the filament substance was required. The narrow
nozzle of the manufactured 3D printer clogged when the wooden substance combined with
PLA during printing, implying a need to develop a modular 3D printer using open-source
3D printer data. The nozzle of manufactured 3D printers is normally 0.4 mm thick. The
nozzle becomes damaged when using a foreign filament, after which there is no guarantee
of quality. This study used a 0.6 mm nozzle instead. The newly assembled printer required
tuning of the output data for normal operation. In the second step, the slicing software was
explored. To 3D print the final digital data, CURA: (version 15.04.6, Ultimaker, Utrecht,
The Netherlands) was chosen, as it ensures that the form has strong durability even with
a minimal amount of 3D data. CURA also helps the 3D printer use the proper number
of filaments without waste. The third step consists of setting the appropriate model shell
value for product stabilization, post-printing. In the fourth step, the appropriate infill
value was set to maintain a stable form with minimal filament consumption. The fifth step
involved inputting the diameter of the nozzle value and selecting a temperature suitable
for the filament type. To prevent contraction caused by a temperature difference during the
printing process, the bed temperature was heightened. In the sixth step, the researchers
printed from the 3D printer using the sustainable filament.

In a previous study, the traditional texture was reproduced through wood, stone, soil,
and more. That study utilized local and endemic materials that constitute sustainable
Korean materials. In the case of wood filaments, the wooden substance is already ground
down during wood processing; this shortens the filament-production process and allows
for recycling. Filaments containing wood and PLA show high biodegradability and are
thus eco-friendly. A major reason to use the wood filament is the outstanding aesthetic
of the final products in comparison to plastic products. The wood filament in this study
produced natural wood grain-like texture, and the color required no post-processing. The
3D printing filament printing process is shown in Figure 7.

Quality
Layer height (mm) [02
Shel thickness (mm)

Enable retraction

1. Production of modular 2. Selection of slicing software 3. Input appropriate modeling
3D printer external Shell value

Spend and Temperature

Prrit speed (mens) 50 ]

Pmitng temperature (C) 190

Bed temperature (C) 40

support il

Support type v Bottom/Top thickness (mm)[0.6

Fl Densty (%) 30

Platform adheson tye

Filament
Damater (mm)
Flow (%)

6. Print using sustainable 5. Input printing conditions: 4. Input appropriate modeling
filament nozzle diameter (0.6mm), interior fill values
appropriate printing temperature,
heating bed

Figure 7. The 3D printing process. Source: the author.
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4.2. Three-Dimensional Printing Necklace Based on Korean Aesthetics Development Results

In this study, a necklace with emotional durability was developed for those who prefer
the Korean philosophy of coexistence with nature and nature-inspired design. To this end,
the pendant of the necklace was designed with the image of a roofing tile with a lotus
flower pattern; this is easy to apply the parametric design methodology to, is based on
original and unique Korean folk art, and has an assembly for which the design can be
changed in line with the user’s choice. In Korea, the lotus flower symbolizes Buddhism
and has the meaning of always being clean, even in a dirty place [48]. This is similar to
Korea's resilience to nature aesthetics, which finds beauty by adapting to nature. The lotus
pattern is used not only in Korean architecture, but also in stationery, crafts, and folk crafts
such as ceramics [49]. In addition, it may strengthen a user’s emotional durability as it is
often used as a pattern to pray for family happiness [50].

In this study, a necklace design was proposed with two roofing tile images with
different lotus patterns, shown as “1” and “2” in the first column of Figure 8. Model
creation was initiated by digitizing the design sketch. A total of two pendant designs were
developed from these image data. The 3D print digital data design parametric components
were shape and size, assembly style, and combination. The two pendant designs are
shown as “3” and “4” in the shape column of the 3D printed digital data design parameter
control in Figure 8. The parametric function was set in the digitalized model, and the limit
range was set depending on the function. This setting and range limit allowed automatic
adjustment of the connected flower’s petal and anther size by adjusting the size of the
outline. Parametric variable adjustment of the desired area can change the size of each part.
I proposed 3-1, 3-2, 4-1, and 4-2 pendants in the size section by changing the dimensions
of pendants 3 and 4. In this study, only four samples were made in the size section, but
more size conversions are possible according to the designer’s intentions. There are two
types of assembly styles for connecting pendants, suggested as “5” and “6” of the assembly
column. The design can be changed according to the user’s taste by suggesting different
types of assemblies as modeling data. For the connecting parts, the 3D printer’s assembly
function was used, with Fusion 360 selected as the 3D digital software. Fashion products
require an assembly process but when the assembly function is used, it can be planned in
the digital data. This allows assembly simulation before printing. Therefore, it is possible
to print all at once in the assembled state. The assembly function allows a sustainable
production process by saving raw material use, allowing for zero waste, and reducing
production time and cost. The assembly design was designed into hinge and chain style.
If the assembly style connecting the pendant is designed in more styles, the diversity of
designs can be increased.

In this study, six necklace designs were proposed—ND.1, ND.2, ND.3, ND.4, ND.5,
and ND.6, as shown in the combination column. Depending on how the pendant and
assembly style are combined, various design changes are possible. For example, ND.1
is a necklace design made using 3-1 and 3-2 pendants and assembly style 5. ND.2 was
completed by combining size-adjusted 3-2 and 4-1 pendants with assembly style 6. ND.3
used size-adjusted 3-1, 3-2, and 4-1 pendants and assembly style 5. Connecting multiple
pieces or reducing the number of pieces stimulates the user’s emotional durability.

Figure 8 depicts the design process, showing the development process for a 3D
printed necklace based on Korean aesthetics, through a parametric design methodology
and process.
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Figure 8. Three-dimensional printing of necklaces based on Korean aesthetics. Source: the author.
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5. Conclusions

Various attempts are being made to develop a sustainable design process that changes
with the development of digital technology. While the popularity of sustainability is affect-
ing the fashion industry, users are dissatisfied with the level of sustainable design currently
available. Therefore, this study proposed an objective process by creating an algorithm
that increases the emotional attachment of users by incorporating a sustainable Korean
aesthetic into the design process created by the designer’s intuition. To find a creative
expression method for sustainable design, the direction and relevance of sustainability
were explored via Korean aesthetics. With an adaptive thinking that considers nature and
humans together, the Korean aesthetic sense of living in harmony with the environment
exhibits many elements of current trends in sustainable development. This has had an
impact on Korean life in general, and has helped to solve the problem of creative elements
of Korean design.

This study is meaningful in that it formulates an objective process by conceptualizing
parts that could not be objectified only by design sensibility, extracting them as visual
ideas based on knowledge of art and culture theory, and creating algorithms suitable
for concepts. This process allows users to participate in the production process, thereby
satisfying their sensibility and taste, and hence incorporating the aesthetic and cultural
dimensions of sustainability, which were previously neglected. Through this process, the
user selects a preferred variable among those set by the designer, thereby increasing the
degree of attachment to the selected product by increasing participation compared with
existing products.

This study is also meaningful in that it extends the product life-cycle through this
attachment. The results of this study, which digitized Korean images against the backdrop
of Korean aesthetics with flexible adaptability while coexisting with nature, were able to
develop various sizes and designs via parametric numerical control, which is expected
to expand the scope of emotional durable product development by providing users with
limited data. In addition, it is expected that implementing assembly functions with digital
data will reduce the time and cost required for the manufacturing process and help practice
sustainable fashion products in that it attempted to modularize products. However, for
the results of this study to become practical, a follow-up study is needed to investigate the
users of this product.
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Abstract: Chemical recycling of textiles holds the potential to yield materials of equal quality and
value as products from virgin feedstock. Selective depolymerization of textile polyester (PET) from
regenerated cellulose/PET blends, by means of alkaline hydrolysis, renders the monomers of PET
while cellulose remains in fiber form. Here, we present the mechanism and reactivity of textile PET
during alkaline hydrolysis. Part I of this article series focuses on the cellulose part and a possible
industrialization of such a process. The kinetics and reaction mechanism for alkaline hydrolysis of
polyester packaging materials or virgin bulk polyester are well described in the scientific literature;
however, information on depolymerization of PET from textiles is sparse. We find that the reaction
rate of hydrolysis is not affected by disintegrating the fabric to increase its surface area. We ascribe
this to the yarn structure, where texturing and a low density assures a high accessibility even without
disintegration. The reaction, similar to bulk polyester, is shown to be surface specific and proceeds
via endwise peeling. Finally, we show that the reaction product terephthalic acid is pure and obtained
in high yields.

Keywords: textile recycling; polyester; alkaline hydrolysis; depolymerization; peeling reaction

1. Introduction

The global consumption of textile fibers is increasing annually, with polyester (PET)
accounting for more than half of the total fiber volume [1]. With increased consumption
follows increased waste generation, and currently textile waste is predominately sent to
landfill or incineration. Globally, less than 1% of all textile waste is recycled into fibers for
use in new textile products [2]. However, there are often clear environmental benefits, e.g.,
reduced carbon footprint and reduced energy consumption, to reuse or recycle textiles [3].

An attractive recycling route for PET waste textiles is chemical recycling through
depolymerization. Depolymerization of PET textile waste produces monomers, which
may substitute the use of monomers synthesized from fossil resources. PET produced by
polymerization of monomers from such chemical recycling has the potential to hold an
equal quality to virgin materials. The polyester derived monomers can also substitute
fossil-derived chemicals in the production of other value-added materials, such as alkyd
resins [4], reactive polyester resins [5], or polyurethanes [6]. This is to be compared with
thermomechanical recycling, in which PET is melted and reshaped, which typically yields
materials with lowered molecular weight and inferior mechanical properties [7]. Chemical
recycling has also proven feasible for the separation of PET from blended textiles. Selective
depolymerization of PET from cellulose/PET blends has been reported as an attractive
opportunity to separate and recover the blend components for further processing into
value-added products [8,9].
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Depolymerization of polyester yields the monomers of the textile. The majority
of polyester textiles are composed of poly(ethylene terephthalate) (PET), formed by a
condensation reaction between terephthalic acid (TPA) and ethylene glycol (EG). The
textile nomenclature, however, does not specify that polyester textile must be composed
of PET, but also allows other types of polyesters. Further, co-monomers might be present
in the polymer chain to infer certain properties, such as increased dyeability [10] or flame
retardance [11]. The scientific literature available on depolymerization of textile PET
is sparse, while there is a large body of literature on PET packaging depolymerization,
predominantly from bottle waste [12,13]. Textile recycling is heavily underdeveloped and
new solutions are urgently needed, especially considering that the volumes of polyester
produced for textile purposes are twice as high as PET produced for packaging purposes.
About 55 million tonnes of PET staple fibers were put on the market 2019 [14], while PET
for packaging amounted to about 25 million tonnes [15]. Studies on recycling of textile PET
are, hence, highly relevant.

In chemical recycling, the ester bond of polyesters is commonly cleaved by solvolytic
methods; the main ones being glycolysis, methanolysis, and hydrolysis. These solvolytic
methods all render small-molecule building blocks of PET with slightly different chemistries.
Recently, novel methods, including enzymatic degradation of PET [16] and solid-state reac-
tion methods [17], have been proposed; however, these are still at an early research state.

Industrially, glycolysis is the oldest and most common method for PET depolymer-
ization [18]. It should be noted, however, that its widespread use is limited by the
low profitability of PET glycolysis, or any solvolytic recycling method, due to compe-
tition with cheap virgin petrochemical feedstock [19]. Glycolysis of PET in EG produces
bis(hydroxyethyl terephthalate) (BHET), which is an intermediate in the PET polymeriza-
tion reaction. While it is possible to polymerize PET from BHET, it is not commonly done
and manufacturers favor TPA as a feedstock for PET production due to its greater process
performance [19]. The yields of the hydrolysis reaction are typically high, approaching 100%
while both glycolysis and methanolysis typically have lower yields [18,20]. Furthermore,
hydrolysis can be conducted under mild conditions, renders monomers of high purity, and
can tolerate contaminated waste streams.

The present research covers depolymerization of textile PET using alkaline hydrolysis.
Alkaline hydrolysis of textile cellulose/PET blends has the advantage that the aqueous
alkaline environment causes hydrolytic cleavage of the ester bond of PET, while cellulose
is relatively resistant to alkali degradation [21]. Hence, cellulose can be recovered in its
polymeric form, suitable for recycling into regenerated fibers or microcrystalline cellulose,
a topic discussed in Part I of this publication series. While several studies exist on the
reaction conditions, kinetics and mechanism of PET depolymerization using alkaline
hydrolysis [18,22-25] textile PET is neglected. Studies typically use granulates of virgin
PET or post-consumer PET in the form of flakes or powders as the polyester source.
Processing of PET into fibers, however, renders an increased crystallinity and a different
morphology compared to bulk PET [26]. Further, PET used for textile applications has a
lower molecular weight compared to PET used for bottles [27].

From the literature on nontextile polyester, there are indications that hydrolysis takes
place at the external surface of the solid-state PET and that the major decomposition reaction
occurs at the ends of the polymer chains [25]. Lopez-Fonseca et al. found that the residual
particle size of PET-particles decreased during hydrolysis while no structural differences
were observed [22,28]. Similarly, Mishra et al. found that the molecular-weight distribution
(MWD) of PET was not changed over hydrolysis times of 90 min at temperatures ranging
from 25 to 150 °C [29]. A large impact of particle size on the rate of hydrolysis, with a
decrease in hydrolysis efficacy as a function of increased particle size, has been reported.
The rection rate of hydrolysis has been shown to be proportional to the particle surface area
both for alkaline [28,29] and acidic hydrolysis [30,31].

In the present study, hydrolysis of a PET fabric is studied under mild conditions: 90 °C,
5 wt% NaOH, and atmospheric pressure. While this publication deals exclusively with the
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depolymerization of textile PET, the reaction conditions are optimized for separation and
recovery of a cellulose/PET blend. The hydrolysis rate is explored as a function of PET
accessible area, while comparing laundered and non-laundered fabric, as well as shredded
fabric. The reaction products, as well as residual PET, is thoroughly characterized, using
both spectroscopic and chromatographic methods.

2. Materials and Methods
2.1. Materials

The never-used PET tricot fabric was supplied by a Swedish fashion company. The
fabric was either used as received or laundered, and subsequently cut into approximately
1 x 1 cm pieces. Washing was performed at 60 °C, according to Swedish standard SS-EN
ISO 6330:2012. A portion of the washed fabric was also shredded (New Shunxing, NSX-QT
310). Sodium hydroxide (NaOH, 50%) and sulfuric acid (H,SOy4, reagent grade, 95-97%)
were obtained from Sigma-Aldrich, and acetic acid (glacial, 99%,) was obtained from Fisher
Scientific and used as received.

2.2. Hydrolysis of PET

Alkaline hydrolysis of PET was performed in a 500 mL glass reactor. The NaOH
concentration was 5 wt% and the weight ratio of sample to NaOH solution was kept at
1:100. The aqueous NaOH was heated to 90 °C before adding 5.0 g of oven dry (2 h,
105 °C) sample to the reaction vessel. Hydrolysis was performed for the selected time
(60-1440 min). The reaction was quenched by immersing the reactor in an ice bath. Post
reaction, the solid residue was separated from the reaction solution by filtration, using a
tight-knit PET wire fabric as the barrier. The solids were neutralized in 5% acetic acid and
thereafter washed with water and dried at 105 °C for 4 h to calculate the gravimetric yield.
The liquid phase was kept in the freezer for further analysis.

2.3. Characterization of Fabric

All analyses on the fabric were made on the laundered sample. The fabric was
first dried at 50 °C for 2 h and thereafter conditioned for at least 16 h at 25 °C, 65%
relative humidity.

The density (GSM) was determined from 100 cm? samples punched out from different
sampling areas on the fabric. Samples were weighed and the density (g m~2) was calculated.
A total of 5 sampling points were used.

The thickness of the fabric was measured according to SS-EN ISO 5084, using a Shirley
thickness tester. The sample area was 100 cm?, and the pressure was 1 kPa. A total of
5 sampling points were used.

The structure of yarns and fibers were studied using a microscope (Nikon Eclipse).
Prior to examination the fabric was disintegrated by means of carding to reveal the individ-
ual yarns and fibers.

2.4. Characterization of Solid Residue

Molecular-weight determination was performed by Smithers, UK. A total of 20 mg
of solid residue was dissolved in hexafluoropropan-2-ol overnight. The solution was
then filtered through a 0.45 um PTFE membrane into autosampler vials and inserted
into the column (Malvern/Viscotek TDA 301) equipped with a refractive index detector.
Poly(methyl methacrylate) was used for calibration.

Wide-angle X-ray scattering (WAXS) measurement was performed at Chalmers Uni-
versity of Technology (Mat:Nordic, SAXSLAB) with a 0.9 mm beam diameter Rigaku
003+ high brilliance microfocus Cu-radiation source at 130 mm distance with the sample
irradiated over 20 min.
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2.5. Characterization of Filtrate

The TPA-concentration in the filtrate was measured using UV-absorption at 242 nm by
UV spectrophotometry (UV spectrometer, Analytik Jena). A linear calibration curve was
constructed from 5 measurements of 2 to 10%. TPA in 5% NaOH.

Further, a portion of each filtrate was carefully weighed and acidified to pH 2-3 by
the addition of 4 M H,SO4, which causes TPA to precipitate. The TPA precipitates were
separated using a glass microfiber filter and rinsed with distilled water, and then the weight
of TPA was determined after drying for 4 h at 105 °C.

To study the degradation products, nuclear magnetic resonance (NMR) spectroscopy
was used. A small-scale hydrolysis of PET in 5% NaOH and D,O was performed to
reduce the water signal obtained in the spectra. The reaction conditions were, in other
aspects, identical to the large-scale experiments, i.e., 90 °C, 5 wt% NaOH and reaction times
between 60 and 1440 min. The hydrolysis filtrate was analyzed with NMR spectroscopy.
The NMR measurements were conducted on a Varian 400-MR spectrometer operating at
9.4 T, equipped with a OneNMRProbe. The 'H-NMR spectrum parameters included a
5 ms 'H-detection pulse, 2.5 s acquisition time, 2 s recycle delay, and 32 scans. The samples
were studied using D,O as solvent, and the chemical shifts were referenced to the residual
solvent signal.

3. Results and Discussion

Three textile samples, with different accessibility, were prepared from the same virgin,
never-laundered PET tricot fabric and subjected to alkaline hydrolysis (Figure 1). Sample
A was made by cutting the never-laundered tricot into 1 x 1 cm squares. Sample B was
made by laundering the sample at 60 °C to remove surface finishing and other processing
aids remnant on the fabric. The sample was subsequently sectioned in the same way as
sample A. Sample C was made by shredding the laundered fabric in an industrial textile
shredder. During this process, the fabric is disintegrated, and the individual threads and
fibers liberated, increasing the surface area. As such, samples A-C with an increasing
accessibility were produced. Further, an attempt was made to grind the fabric into even
smaller fragments (powder) using a rotor mill. However, this sample was not included in
the hydrolysis series as, apart from the desired fine fibril grinds, part of the sample melted
and formed small crumbles. The sample was excluded as this two-phase material would
not be representative.

Gravi-

metric
yield

UV-Vis

NMR

5 wt% NaOH
90 °C XRD

60 160 260 360  1440min

GPC

Figure 1. Schematic of the samples, reaction conditions, and characterization methods used. Sample
(A), never-laundered, cut; sample (B), laundered and cut; sample (C), laundered and shredded.

160



Sustainability 2022, 14, 6911

mass loss (%)

100

80

60

40

20

(a)

200

Alkaline hydrolysis was performed under mild conditions during 60, 160, 260, 360, or
1440 min. As expected, the mass loss of samples increases with hydrolysis time (Figure 2a).
After 1440 min reaction time, all samples show 100% mass loss. For sample B, an additional
datapoint was taken at 960 min, which also shows 100% mass loss. We assumed an
increasing accessibility along samples A—C, due to removal of finishing agents and an
increase in surface area. However, the differences in mass loss between the samples at each
of the measuring points is small, which was surprising.

] s @
y=0.1719x + 5.5544
R?=0.8975
[ ]
A never-laundered. cut y=0.1868x+2.8143 gt
R=0.9717 o
®B; laundered, cut P
BC; laundered, shredded
400 600 800 1000 1200 1400 O 100 200 300 400
time (min) time (min)

Figure 2. (a) Mass loss of samples A, B, and C, with increasing accessibility during hydrolysis,
(b) linear fits to the first 4 datapoints of each sample shown in (a).

The initial hydrolysis rate of the never-laundered sample is slightly lower compared
to the laundered samples, which is signified by the flatter slope of the linear fit of sample A
as compared to sample B and C (Figure 2b). This is expected as it is known that surface
finishing agents or processing aids remnant on the fabric surface often decrease the rate of
hydrolysis [32]. However, the accessibility of fibers in terms of surface area does not seem
to influence the hydrolysis rate. This indicates that mechanical pretreatment of the PET
textile to increase the surface area prior to alkaline hydrolysis does not yield a higher rate
of hydrolysis. These results were somewhat surprising, as hydrolysis of PET is considered
a surface specific reaction with a strong correlation between particle size and reaction rate.

We went on to study the yarn and fabric structure to explain the negligible impact
of shredding on the reaction rate. The unraveled yarn was studied in a light microscope
and assigned as a non-twisted, texturized multifilament. Texturing is typically performed
on synthetic filaments and refers to the formation of crimp, loops, coils, or crinkles in the
filament. This treatment decreases the density of yarns spun from texturized filaments and
creates air pockets, which gives a different handle of fabrics, as well as improved ventilation
and absorbency. The thickness of the sample at a pressure of 1 kPa was 0.6 £ 0.02 mm
while the density was 132 & 2 g m?, which is in the lower range of knit fabrics. Given
the texturing of the yarn and the low density of the fabric, the accessibility of the textile
to hydrolysis should not be considerably impacted by shredding, which is in line with
our findings. Texturing of synthetic yarns is a common practice throughout the fashion
industry, hence, shredding of PET fabrics can tentatively be omitted without impacting the
kinetics of the hydrolysis reaction. This is advantageous for the recycling scheme of textiles
as it reduces the number of pretreatment steps and consequently the energy consumption.

Next, the yield of TPA was compared with the mass loss of PET, in order to deter-
mine whether PET is completely depolymerized into TPA and EG, or also yields other
degradation products. The theoretical yield was calculated based on the mass loss at each
time interval, assuming that PET is formed by the esterification of equimolar amounts of
TPA and EG. The calculated theoretical yield is compared to the experimental yield of TPA
obtained via gravimetric or spectroscopic means (c.f. Experimental). Gravimetric yields
were obtained by precipitation of TPA from carefully weighed portions of the reaction
filtrate. Spectroscopic yields were obtained by UV-Vis spectroscopy of the reaction filtrate
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at 242 nm, a wavelength where the anionic form of TPA, present under alkaline conditions,
shows a strong UV absorbance.

There is an excellent agreement between the theoretical yield and the yield obtained
from UV absorption spectroscopy, indicating complete degradation of PET into TPA and
EG (Figure 3). Gravimetric data on the mass of precipitated TPA from the reaction filtrate
also show good agreement with the theoretical yields. The conversion from degraded PET
to TPA at each timepoint, hence, is close to 100%.

1

—_ [ ]
< 4
g '
30.8
s
b 06 a b 4
= [ ]
804 Calculated
5 2
8 o UVNVis
02 fa ——
& ® Precipitated
0
0 200 400 600 800 1000 1200 1400 1600

time (min)

Figure 3. TPA concentration in reaction solution after depolymerization of sample B, laundered
and cut.

Nuclear magnetic resonance (NMR) spectroscopy was used to further verify the
reaction course and purity of products. In Figure 4 "H-NMR spectra of samples obtained
after 260, 360, and 1440 min are shown.

Water
a
a
[+] o]
'\\ / \\ Vi
Na -/ R / \\- Na
(o] [o]
B
OH
HO/\/
1440 min A AB
360 min " 5 A
260 min ) )

B0 78 76 74 7.2 70 68 6.6 64 62 60 58 56 54 S2 50 48 46 44 42 4.0 38 36 4 32 30
Chemical shift (ppm)

Figure 4. "H-NMR spectra of reaction solution at time points 260, 360, and 1440 min of hydrolysis in
alkaline D,O. Proton signals significative for TPA and EG are marked « and 3, respectively.

For all spectra, in addition to the residual solvent signal, two singlets can be seen,
one around 7.5 ppm and one around 3.3 ppm, assigned to originate from TPA and EG,
respectively. An expected increase in the integrals for both components can be seen with
increased hydrolysis time. For each time point, the integral of the signals from the protons
complies well with each other indicating a 1:1 molar ratio of the two components, as
expected from the starting material.
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The presence of two singlets is distinct proof that only monomers of TPA and EG
are present in the sample. If oligomers were present, a much more complicated splitting
structure of the signals from the TPA and EG protons would be seen. One could imagine
an oligomer where one, or the other, signal would appear as a singlet; however, the other
cannot in that case appear as a singlet. One could also imagine that for a large polymer the
protons will appear as two singlets; however, in addition to the fact that such a polymer
would not be soluble, the narrow line width of the singlets indicates a small molecule, such
as a monomer, rather than a large polymer. The end groups would, in that case, also be
visible in the spectrum, which is not the case. The slight change in the chemical shift of the
two components between different time points could be attributed to a change in pH, as
expected upon consumption of hydroxide ions during depolymerization.

Once the effectiveness of alkaline hydrolysis on textile PET and the impact of acces-
sibility was established, we moved on to study the degradation mechanism. TPA yields
were close to the theoretical maximum at each time point during hydrolysis, indicating
that the polymer is depolymerized from the chain ends via a peeling reaction, in agreement
with earlier results from Kumar and Guria [25]. Further, NMR analysis showed pure TPA,
with no visible traces of oligomers or other degradation products, which further supports a
peeling reaction from the chain ends.

Molecular-weight distributions (MWD) were obtained by GPC for the solid residue of
sample B after hydrolysis for different times. The MWD is identical for samples run for 60,
260, or 360 min (Figure 5). GPC of the sample run for 1440 min could not be performed as
no solid residue was left. The overlapping curves show no changes to the MWD over the
course of reaction. This indicates that chain scission, which would drastically decrease the
molecular weight, is not prevalent.

0.25
0 min
0.2 60 min
E; 015 —260 min
3’ —— 360 min
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0
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Figure 5. GPC chromatograms of the solid residue from sample B, laundered and cut, after 60, 260,
and 360 min of hydrolysis, along with the reference sample, prior to hydrolysis.

Further, it confirms that the reaction proceeds predominantly through endwise peeling
and is surface specific. Water and the hydrated OH™ catalyzing the hydrolysis have a
low penetration into PET, also at the reaction temperature, 90 °C. At 90 °C, PET is still
below the glass transition temperature, the temperature at which the polymer chains in the
amorphous regions gain considerable mobility. However, even above the glass transition
temperature, water penetration into the PET matrix is minimal, with typical water regains
of below 0.5% [26]. The low penetration of the reaction medium into the polymer, together
with the identical MWD over the course of reaction, confirms that the bulk of PET is not
affected by hydrolysis but the reaction is surface specific.

Further, the microstructure of samples was assessed using WAXS (Figure 6). The peaks
centered at 1.25, 1.63, and 1.82 refer to crystal planes (010), (—110), and (100) [33]. In terms

163



Sustainability 2022, 14, 6911

of resolution, the peaks at higher g-number show a slight increase with hydrolysis time.
This sharpening of peaks may be related to a slight increase in crystallinity. Similarly, to the
GPC chromatograms, the curves are overlapping, indicating that the morphology is not
significantly changed over the course of the reaction, in line with a surface specific reaction.
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Figure 6. WAXS 1D spectra of the solid residue from sample B, laundered and cut, after 60, 160, 260,
and 360 min of hydrolysis, along with the reference sample, prior to hydrolysis.

4. Conclusions

Depolymerization of textile PET by means of alkaline hydrolysis was studied in
samples of different accessibility. Laundering of samples was found to generate a slight
increase in the hydrolysis rate, in comparison to non-laundered samples, due to removal
of surface finishing agents and processing aids. Mechanical disintegration, by means of
shredding, had no impact on the rate of reaction. This is ascribed to the yarn structure
where a low bulk density, originating from the use of a texturized yarn, ensures a high
accessible area of the fabric even without disintegration. Mechanical pretreatment of PET
textile to increase the accessibility prior to hydrolysis, hence, was shown to be unnecessary.
The degradation mechanism of textile PET was found to correlate well with mechanisms
earlier proposed for bulk PET. Neither GPC nor WAXS show any large changes in the MWD
or morphology of the solid residues of samples over the course of reaction, indicating that
the reaction is surface specific. The almost 100% yield of TPA at each sampling point during
hydrolysis indicates that the reaction proceeds by peeling from the ends of the molecular
chains, as has been previously shown for bulk PET. Similarly, NMR spectroscopy of the
reaction filtrate show pure TPA and EG and no trace of oligomeric compounds.
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Abstract: Material recycling requires solutions that are technically, as well as economically and
ecologically, viable. In this work, the technical feasibility to separate textile blends of viscose and
polyester using alkaline hydrolysis is demonstrated. Polyester is depolymerized into the monomer
terephthalic acid at high yields, while viscose is recovered in a polymeric form. After the alkaline
treatment, the intrinsic viscosity of cellulose is decreased by up to 35%, which means it may not be
suitable for conventional fiber-to-fiber recycling; however, it might be attractive in other technologies,
such as emerging fiber processes, or as raw material for sugar platforms. Further, we present an
upscaled industrial process layout, which is used to pinpoint the areas of the proposed process that
require further optimization. The NaOH economy is identified as the key to an economically viable
process, and several recommendations are given to decrease the consumption of NaOH. To further
enhance the ecological end economic feasibility of the process, an increased hydrolysis rate and
integration with a pulp mill are suggested.

Keywords: textile recycling; textile blend; viscose; polyester; industrial process layout

1. Introduction

World fiber production has seen a continuous increase over the last decades, and
the current world fiber market reaches well above 100 million tons of produced fibers
per year [1], where the majority is used for apparel and home textiles. Consequently,
the amount of disposed textiles is increasing, and there is an urgent need for improved
handling of end-of-life textiles and textile recycling [2]. One major challenge considering the
recycling of textiles is the abundance of multi-material textiles, i.e., fabrics composed of two
or more different types of polymers. Mechanical recycling of such multi-material textiles
produces materials of inferior properties, due to the distinct properties and processing
needs of the different fiber types. There is currently a lack of recycling options for these
textiles, which results in them being predisposed for landfill or incineration.

The mixture of polyester (PET) and cellulose fibers, especially cotton, is common,
due to the beneficial effect of combining PET, which is durable and inexpensive, with
cellulose fibers, which have good water absorbency, thereby contributing to the comfort of
the fabric. However, to recycle this type of material, a separation is required for further
valorization of the two components. Various routes of cellulose/PET separation have been
investigated, i.e., through degradation, depolymerization, or dissolution of at least one of
the two components.
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PET can be maintained in its polymeric form through selective dissolution [3-5] or
hydrolysis [6,7] of cotton. However, the molecular weight of PET is decreased in a recycled
fabric compared to a virgin fabric due to laundering and wear. The lowered molecular
weight of PET may result in recycled PET fibers with inferior mechanical properties, or
even make the melt-spinning process impossible. In contrast, if PET is depolymerized, PET
monomers are obtained, which, after suitable purification, may be used in the production of
new PET [8]. Cotton from cellulose/PET textiles is currently recycled into dissolving pulp
on a commercial or demo scale by actors such as OnceMore, Ambercycle, and WornAgain.

Simultaneous depolymerization of PET and recovery of the cotton fibers through alka-
line hydrolysis has previously been successfully demonstrated [9,10]. While the aqueous
alkaline environment causes hydrolytic cleavage of the ester bond of PET, cotton is rela-
tively resistant to alkali degradation [11]. In particular, in the presence of a phase transfer
catalyst, the depolymerization of PET in 10% NaOH at 90 °C is fulfilled within less than 1 h,
with limited degradation of the cotton fraction [9]. However, whether alkaline hydrolysis
can be successfully applied to fabrics containing PET blended with other types of cellulose
fibers, e.g., regenerated fibers such as viscose or Lyocell, remains to be investigated.

Cotton and regenerated cellulosic fibers differ in several aspects, which will dictate
how the cellulose is affected under alkaline conditions. The first distinction is in the
ultrastructure of fibers, with the presence of a primary cell wall in cotton fibers, a structural
feature that regenerated fibers lack [12]. Compared to regenerated cellulose fibers, the
cellulose in cotton is of much higher molecular weight. Cotton has a typical average degree
of polymerization (DP) of 2000 [13], Lyocell in the range of 400-700 [14], and viscose even
lower, between 250-400 [13]. Further, the crystallinity varies between fibers—for native
cotton, it is around 70%, while for viscose about 25-30%. The crystallites in regenerated
fibers are also much smaller compared to cotton, and have a lower degree of orientation [13].

At the relevant process conditions, a NaOH concentration of a maximum of 10 wt%
and temperatures below 100 °C, cellulose is known to undergo peeling reactions. End-
wise peeling results in the removal of anhydroglucose units from the reducing end of
the cellulose chain. Peeling will continue until the competitive stopping reaction occurs,
and, depending on the conditions, i.e., alkalinity and temperature, peeling may proceed
for 50-60 units [15]. Regenerated cellulosic fibers, having a lower DP than cotton, are
potentially more prone to these peeling reactions.

A recent life-cycle analysis study concluded that there are potential environmental
benefits in using cotton rendered from separation of cotton/PET through alkaline hydrol-
ysis as a raw material in viscose or Lyocell production [16]. For regenerated fibers, the
DP might be too low after separation, and, consequently, the cellulose fibers would not
be suitable as raw material for conventional fiber-to-fiber recycling, but may be recovered
as other products [17]. One option could be to produce cellulose nanocrystals from the
cellulose fraction, which has been demonstrated using both cotton and cotton/PET blends
as a raw material [18,19]. Furthermore, the complete depolymerization of cellulose into
glucose allows for the production of specialty chemicals or biofuels [20]. Such processes
to valorize degraded cellulosic textiles have already been proposed, commonly through
a pretreatment of the cellulose, followed by enzymatic hydrolysis. Alkaline pretreatment
with bases such as sodium hydroxide [21] and sodium carbonate [22] has been described,
and could favorably be combined with alkaline hydrolysis of cellulose/PET textile blends.

The properties of the cellulose fraction, after hydrolysis and separation of a vis-
cose/PET textile blend, dictate which recycling pathways will be most promising. Thus,
in this study, alkaline hydrolysis of viscose/PET blends was performed, and the cellulose
fibers were evaluated with respect to yield, molecular weight, and fiber morphology. Fur-
thermore, a process layout for an industrial upscaling of the process for cellulose/PET
separation via alkaline hydrolysis was constructed based on the experimental results. The
process layout was constructed in the form of a mass balance model using the process
simulation tool WInGEMS, and can serve as a basis to indicate the economic and ecological
potential of an upscaling of the proposed hydrolysis. We believe that applied studies on
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material recycling can benefit largely from a close collaboration between experimental work
and techno—economical and life-cycle analysis. It allows the direction of the experimental
work to better favor an economically and ecologically viable process, a factor that is often
overlooked. Any recycling option must be better than the use of virgin materials, i.e., have
a lower climate impact, and be economically feasible. In this work, an upscaled industrial
process layout is presented, which identifies the areas of the proposed process that require
further optimization. Moreover, it does not put hard numbers on the operations, a practice
that might prematurely disregard a promising recycling option due to a lack of reliable
data in the early stages of process development.

2. Experimental Section
2.1. Materials

For this study, three types of never-used viscose were used: a commercially available
garment with a blended fabric containing 70% viscose and 30% polyester, a mixture of
70% viscose and 30% polyester filaments, and a pure viscose fabric supplied by a Swedish
fashion company. The two different fabrics were either used as received or washed, and
subsequently cut into approximately 1 x 1 cm pieces. Laundering was performed at 60 °C,
according to Swedish standard SS-EN ISO 6330:2012. A portion of the laundered fabric
was also shredded (New Shunxing, NSX-QT 310). Moreover, a neat polyester fabric was
laundered and cut in the same manner as the neat viscose fabric. Sodium hydroxide (NaOH,
50%) and sulfuric acid (HSOy, reagent grade, 95-97%) were obtained from Sigma-Aldrich,
and acetic acid (glacial, 99%,) was obtained from Fisher Scientific, and used as received.

2.2. Methods
2.2.1. Hydrolysis

Alkaline hydrolysis of viscose /PET, neat viscose, and neat PET samples was performed
at a solids-to-liquids ratio of 1:100 in aqueous NaOH. The NaOH concentration was 5 wt%.
The aqueous NaOH was heated to 90 °C before adding the oven-dried (2 h, 105 °C) sample
to the reaction vessel. Hydrolysis was performed for the selected time (60-1440 min). The
reaction was quenched by immersing the reactor in an ice bath. Post-reaction, the solid
residue was separated from the reaction solution via filtration, using a tight knit PET-wire
fabric as the barrier. The solids were neutralized in 5% acetic acid, and thereafter washed
with water and dried at 105 °C for 4 h to calculate the gravimetric yield. The filtrate was
kept in the freezer until further analysis.

2.2.2. Composition
The composition of the mixed viscose/PET fabric was probed via selective dissolution

of viscose in cupriethylenediamine (CED), whereafter the weight of the solid PET residue
was determined.

2.2.3. Intrinsic Viscosity

Limiting viscosity of the cellulose samples was measured after dissolution in CED,
according to ISO 5351. The degree of polymerization was calculated from the correlation
formulated by Immergut et al. [23], as cited in SCAN-C 15:62 (DP%9% = 0.75[n], 1 given in
cm®/ g). The correlation is known to be flawed, but is commonly used, which facilitates
comparisons to other studies.

2.2.4. WAXS

The crystallinity of viscose was measured by wide angle X-ray scattering (WAXS) at
Chalmers University of Technology (Mat:Nordic, SAXSLAB) with a 0.9 mm beam diameter,
and a Rigaku 003+ high brilliance microfocus Cu-radiation source at 130 mm distance, with
the sample irradiated over 20 min. The intensity was normalized with transmission.
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2.2.5. FTIR Spectroscopy

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy was
performed on a Bruker Tensor 27 equipped with the Specac Golden Gate ATR accessory.

2.2.6. NMR Spectroscopy

The purity of terephtalic acid (TPA) obtained from PET depolymerization was deter-
mined via nuclear magnetic resonance (NMR) spectroscopy. A small portion of the filtrate
from the sample of Fabric70/30 after hydrolysis for 360 min was acidified with HySOy4
(4M) to precipitate TPA. TPA was dissolved in 5% NaOH/D,O solution prior to analysis.
The NMR measurements were conducted on a Varian 400-MR spectrometer operating at
9.4 T, equipped with a OneNMRProbe. The 'H-NMR spectrum parameters included a 5 us
H-detection pulse, 2.5 s acquisition time, 2 s recycle delay, and 32 scans. The samples were
studied using D,0O as a solvent, and the chemical shifts were referenced to the residual
solvent signal.

2.2.7. Upscaled Process Layout

The proposed upscaled process layout was based on a mass and energy balance
steady-state model constructed using the process simulation tool WinGEMS (Valmet®,
Espoo, Finland). This modular simulation tool is specifically developed for the pulp and
paper industry, and handles the modeling of suspensions with ease. The first step in
creating the mass and energy balance model involves constructing a hypothetical process
flowsheet, using the so-called blocks in the WinGEMS graphical environment. These are
modular (drag and drop) and pre-coded for a vast set of process operations, spanning
simple splitting and mixing to heat exchangers, evaporators, and washers. Moreover, the
stream structure and its components need to be defined by the user, as do the necessary
chemical reactions. The basic model for a chemical reaction is a simple stoichiometric
conversion whose extent is also defined by the user, while the actual thermodynamic
aspects are usually handled outside of the simulation environment using other, more
rigorous tools. For the establishment of energy balances, WinGEMS has built-in expressions
for estimating the specific enthalpies of the streams. For liquid streams, the enthalpy is a
function of temperature, dissolved and suspended solids, and the specific heat of water and
solids. The enthalpies of steam streams is determined by a built-in steam table (function
of temperature and pressure). The amount of heat from reactions had to be manually
calculated and used as an input for the heat exchanger blocks to estimate changes in the
stream temperatures. In this study, the procedures employed within the experimental work,
including the chemical additions, solids-to-liquids ratio, etc., as well as the experimental
results (reaction yields, product purities, etc.), were used as a basic input for the model
around the hydrolysis and precipitation stages. The remaining stages in the process layout
were proposed based on the general engineering know-how regarding standard industrial
processes (washing, heat exchangers, etc.), experiences from similar studies, reasonable
simplifications and assumptions (discussed in detail in Section 3), as well as the basic
principles of green chemistry. The results are hence to be seen as a first iteration of a
possible upscaling of the process. The overall objective for the upscaling development
was to obtain a hypothetical process layout which was as efficient as possible from the
perspective of chemicals and energy use, and subsequently suggest improvements that
would help to make it economically and environmentally sustainable.

3. Results and Discussion
3.1. Experimental Study

Alkaline hydrolysis of blends of viscose/PET fibers was studied for two different
cases: a 70/30 mix of pure viscose and pure PET filaments (Filament70/30), and a knitted
viscose/PET fabric with a 70/30 composition (Fabric70/30) (Table 1). The composition of
the mixed fabric was confirmed via selective dissolution of viscose in CED and determi-
nation of the weight of the solid PET residue. The choice of samples allows to study the
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efficiency of the separation for samples with different accessibilities, i.e., a mix of filaments
relative to a knit fabric from mixed yarns. Further, alkaline degradation of viscose in terms
of mass loss, DP, and crystallinity was studied for a neat viscose fabric. The accessibility
of neat viscose to alkaline degradation was studied for a 100% viscose fabric (Viscose100)
prepared in three different ways: never laundered, cut to 1 x 1 cm pieces (Viscose100a);
laundered, cut to 1 x 1 cm pieces (Viscose100b); and laundered, shredded to display the
individual fibers (Viscose100c). Finally, the hydrolysis of a knitted PET fabric, which was
laundered and cut to 1 x 1 cm pieces, was studied to produce the data used in the upscaled
process model.

Table 1. Description of viscose-containing samples.

Sample Composition Form Intrinsic Viscosity
P PET/Viscose (Tp) (mL g~ 1)

A 0/100 Fabric
Al 0/100 Never laundered, cut 167
A2 0/100 Laundered, cut 170
A3 0/100 Laundred, shredded 171

B 30/70 Filaments 196

C 30/70 Garment from nd

blended fibers

Mild reaction conditions (90 °C, 5 wt% NaOH) and reaction times between 60-1440 min
were chosen, as the DP of cellulose has been shown to decrease with increasing temperature
and NaOH concentration during hydrolysis [9]. For closed loop-recycling, i.e., fiber-to-fiber
recycling of regenerated fibers, it is of the utmost importance to preserve the molecular
weight of the cellulose fraction in the mixed fabric. Simultaneously, to allow for separation
of the blended textile, the reaction conditions should allow for full PET depolymerization.
Furthermore, a reaction below the boiling point of the aqueous solution eliminates the need
for a pressurized system and consumes less energy. The reaction yields a solid cellulose
residue, and the PET monomers terephtalic acid (TPA) and ethylene glycol (EG) (Figure 1).

Viscose/PET fabric
Alkaline hydrolysis

Cellulosic residue
Figure 1. Schematic of the reaction.

The mass losses of samples Filament70/30 and Fabric70/30 were comparable after
60 min of hydrolysis (Figure 2a), and were also in the same range as Viscose100 (Figure 2b).
This implies that no major hydrolysis of PET occurs within the first 60 min of reaction, but
the mass loss originates predominantly from viscose. We ascribe this to fast degradation
of low molecular weight fragments and accessible regions of the cellulose in viscose. At
longer reaction times, the mixed yarns and knitted structure of Fabric70/30 does decrease
the hydrolysis rate and, consequently, the mass loss compared to Filament70/30 is also
decreased. Even after 24 h of hydrolysis, PET removal is not complete in Fabric70/30,
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indicated by the <30% mass loss. This is confirmed by FTIR analysis, where the ester peak
at 1705 cm™—1, significant for PET, is still visible after 24 h of hydrolysis (Figure 3).

50
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Figure 2. Mass loss during hydrolysis of (a) blends of PET and viscose and (b) 100% viscose fabric.
The yellow part in Figure 2a represents the wt% of PET in the samples.

In contrast, Filament70/30 shows a 40% mass loss, indicating full depolymerization
of PET and an additional 10% mass loss from cellulose, consistent with the mass loss in
a neat viscose sample after 24 h reaction. Textile construction of a blended fabric, hence,
has a substantial impact on the hydrolysis rate of PET. Contrary, for Viscosel00 there
is no significant difference between the mass losses of samples of different accessibility.
Laundering the sample at 60 °C removes surface finishing and other processing aids
remnant on the fabric which increase the exposure to the alkaline environment during
hydrolysis, while shredding increases the surface area of fabrics. Interestingly, most of
the mass loss is seen during the first 60 min of reaction for all viscose samples (Figure 2b),
where the never-laundered sample displays a 10% weight loss and the laundered samples,
cut or shredded, 8 and 9%, respectively. After 24 h the weight loss has increased to 13% for
the never-laundered sample and 12 and 14% for the laundered cut and shredded samples,
respectively. Thus, more than 50% of the total mass loss occurs during the early stages of
reaction.
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Figure 3. FTIR spectra of the viscose/PET fabric after 24 h of hydrolysis, and a reference 100% viscose
fabric. Highlighted is the peak at 1705 cm ™!, significant for the ester bonds in PET.

Characterization of Reaction Products

The mass loss during the first 60 min of reaction is accompanied with a significant
increase in the crystallinity of the Viscosel00b sample (Figure 4). This is signified by
a sharpening of the peaks centered around 20 values of 12 and 20. These peaks have
previously been assigned to cellulose II, the crystalline structure of regenerated cellulosic
fibers [24]. The supramolecular structure of cellulose is decisive to the kinetics of all
degradation reactions [25], and a higher rate of alkaline peeling is expected in disordered,
compared to crystalline, regions. The increase in crystallinity is in line with our postulate
that the mass loss during the first hour of hydrolysis is due to the removal of low molecular
weight fragments and accessible regions of the viscose, by means of peeling reactions.

1000 — ) 110

= 60 min
= 750 160 min
'E 260 min
% 500 — 1440 min
250
0
5 10 15 20 25

20

Figure 4. WAXS 1D spectra of sample Viscose100b after 60, 160, 260, and 1440 min of reaction time,
as well as the reference sample prior to immersion in hot alkali.

The purity of precipitated TPA from the viscose/PET fabric was determined via NMR
spectroscopy, with a commercial TPA as the reference. The spectrum of the precipitate
shows a distinct singlet at 7.58 ppm, which is assigned to pure TPA (Figure 5). A zoom-in of
the baseline around the signal is shown as an insert. No other signals than the 1*C-satellites
from singlet A (in the insert marked with an *) can be seen in the zoom-in, proving that no
residues of other reaction products stemming from incomplete depolymerization of PET
are present in the precipitate. This is in accordance with the literature, where hydrolysis
of PET is described as taking place at the external surface of the solid-state PET, with the
major decomposition reaction occurring at the ends of the polymer chains [26].
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Figure 5. "H-NMR spectra of TPA precipitated from the reaction filtrate, along with a commercial
TPA reference. The singlet from TPA is marked with an A, and in the zoom-in of this signal, the
13C-satellites from A is marked with an *. Zoom-in around 3.4 ppm show residual viscose degradation
products.

Around 3.4 ppm, the experimentally obtained TPA displays some additional small
peaks, characteristic for protons in the vicinity of oxygen, as seen in the insert. These are
assigned to traces of viscose degradation products, such as D-glucoisosaccharinic acids, the
predominant product of peeling reactions during alkaline conditions [15].

Having confirmed the purity of TPA obtained from hydrolysis of PET from vis-
cose/PET, further characterization of the cellulosic residue was undertaken. The molecular
weight of cellulose is commonly approximated by the intrinsic viscosity (IV) of a cellu-
lose solution in cupri-ethylene diamine (CED). Prior to alkaline treatment, the viscose
filaments in sample Filament70/30 had an IV of 200 mL gfl, while the IV of Viscose100
was slightly lower, 170 mL g~ (Table 1). The IV of Fabric70/30 could not be measured, due
to degradation. Cellulose is known to degrade in CED, i.e., the solvent used for measuring
IV. Even when finely dispersed in the solvent, complete dissolution of the cellulose part
of the viscose/PET fabric could not be achieved before degradation occurred, hence the
obtained IV values were not reliable, and are therefore not reported. However, data on PET
depolymerization from Fabric 70/30 (Figure 3) indicate that a reaction time of at least 24 h
is needed for full PET depolymerization under the present, mild reaction conditions. We
assume that the degradation of viscose will not be significantly impacted by the presence
of polyester in the blended fabric, and may be approximated by the IV of neat viscose
samples. For all neat viscose samples, the IV decreased with reaction time, and measured
between 130-150 mL g~ after 24 h (Figure 6). The IV may be approximatively converted
to DP, using the relationship formulated by Immergut [23] (c.f. Experimental section):

DP%% = 0.75[n] 1)

where [n] is the intrinsic viscosity in mL g~!. After 24-h reaction, the IV is decreased by
between 20-50 mL g~!, which, using Equation (1), corresponds to 20-55 glucose units.
The decrease in DP is in line with a peeling reaction, which typically proceeds for up to
50-60 units before a stopping reaction occurs [15]. The final IV of samples is too low for
applications in commercial regenerated cellulose fibers or cellulose derivates, such as cellu-
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lose ethers, nitrates, and acetates, which typically lies in the range of 400-600 mL g~! [27].
However, low molecular weight polysaccharides can find other uses, e.g., by hydrolysis into
nanocrystalline cellulose [28] or in sugar platforms for further valorization into specialty
chemicals and biofuels [29].

220
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@70/30 filament 100 viscose washed cut
100 viscose washed shredded
Figure 6. Intrinsic viscosities of samples as a function of hydrolysis time.

3.2. Upscaled Process Layout

Based on the relevant experimental results in the section above, as well as a number
of assumptions, a process layout for a greenfield standalone industrial upscaling of the
viscose/PET separation process was constructed. The process layout aims at providing
guidelines on the aspects of the proposed industrial process, which require more devel-
opment and optimization for the whole process to become viable from an economic and
environmental point of view. In essence, the process layout should be seen as a first step
on a necessary path of various iterations between process development and experimental
work to lift the process to higher technology readiness levels (TRLs). With respect to the
early experimental results of the project, rather than conducting a conventional quantitative
techno—economic evaluation, which may result in irrelevant results at this stage, this study
emphasizes the qualitative measures to be implemented in future projects. The ultimate
objective of the process is to completely hydrolyze PET and separate its monomers, TPA
and EG, while keeping the viscose fraction as intact as possible. The PET monomers could
be sold for production of PET, or used as a platform chemical. The IV of viscose afterhy-
drolysis (Figure 6) is likely too low for fiber-to-fiber recycling, and while other outputs are
proposed, these are currently not available on an industrial scale, and their economic value
is difficult to estimate.

3.2.1. Use of Experimental Data

The yields used in the hydrolysis stage in the model were based on experiments with
pure fabric fractions of PET and viscose, respectively, as demonstrated in Table 2. The
composition of the inlet textile in the model is 70/30 viscose/PET. The textile-to-solvent
ratio and NaOH concentration were kept at 1:100 and 5 wt%, respectively, the same as in
the experimental study.
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Table 2. Experimental values of mass loss from hydrolysis of neat viscose or neat PET fabric used in
the model.

Time of Hydrolysis (min) Viscose Mass Loss (%) PET Mass Loss (%)
60 8.0 15.6
160 10.6 35.1
260 10.0 56.2
360 10.4 68.5
1440 11.6 99.8

Since it was difficult to obtain a reliable alkali consumption from the experimental
results, a theoretical consumption based on the respective mass losses of PET and viscose
was assumed. The hydrolysis of PET into its monomers was modeled according to Equation
(2). It was assumed that the PET fabric is composed of only poly(ethylene terephthalate)
(PET), i.e., the hydrolysis of PET requires two moles of NaOH per repeating unit. While
this is true for most textile PET, textile terminology does not distinguish between PET and
other types of polyesters. Furthermore, according to the same textile terminology, up to
15% of non-polyester copolymers are allowed in the polymer chain [30]. For viscose, it
was approximated that all of the degraded viscose would be recovered as glucose, and the
formation of each glucose molecule would consume one OH™ ion.

PET, + 2NaOH — TPAy,; + EG o))

The consumption of sulfuric acid in precipitation of TPA was based on the stoichio-
metric reactions in Equations (3)—(5). TPA has a pKa of 3.5, and sulfuric acid is consumed
in the acidification of the filtrate as well as the protonation of TPA. The consumption of
sulfuric acid required to reach a pH of 3.5 was estimated by a simulated titration in OLL. It
was assumed that the complete precipitation of TPA took place in the model.

H>S04 +2 NaOH — NaySO, + 2 H,O ®3)
HpSOy4 +2 HyO — 2 SO5™ +2 H;O™ @
HSO4 + TPAyy; — NapSOy + TPAya (5)

3.2.2. Proposed Process Layout

With the exception of the experimental data presented in the previous section, all other
process stages and values in the process layout originate from assumptions and estimates.
Figure 7 displays the first proposed process layout for an upscaling of the viscose/PET
separation process.

The textile feed is first mixed with the alkaline solvent before it is heated via two
indirect heat exchangers to the temperature of the hydrolysis reactor. The heat of reaction
from the neutralization of alkali (~57 k] /mol NaOH) is used to heat exchange the textile—
solvent feed in the first heat exchanger. The heat of reaction was calculated from the
standard enthalpies of formation of H,SOy4 (aq), NaOH, NaySOy, and H,O (1) [31]. External
heating is required to ramp up the textile-solvent feed to the temperature of the hydrolysis
reactor. A natural gas burner, operating at 3 bar, supplies the second heat exchanger
with saturated steam. A gas burner was chosen above other technologies (e.g., biomass
boiler, electric boiler) due to its simplicity, as well as the lower investment and operating
costs. However, this means that the process must be placed in the proximity of a chemical
cluster, with access to a natural gas infrastructure. The modeled residence time in the
hydrolysis reactor, and, consequently, the yield, can be any of the ones presented in Table 2.
Following the hydrolysis reactor is a simple dewatering press (without a wash liquor),
from which the outlet consistency is 30%. It is assumed that the carryover, i.e., the liquid
following the viscose fraction, has the same composition as the filtrate from the press. Next,
two counter-current wash presses with the same discharge consistency purify the viscose

176



Sustainability 2022, 14, 7272

Legend

Flow - [ton or kg/ton feed]

Flow component - [ton x/ton feed]
Heat - [MW/ton feed]

fraction from residual alkali, dissolved PET monomers, etc. The assumed displacement
ratio (washing efficiency) and dilution factor (mass of excess filtrate per mass of viscose)
is ~0.5 and ~5 ton/ton viscose, respectively. Both the displacement ratio and the dilution
factor are typical parameters applied in pulp mills during the washing of the pulp. The
filtrate from the wash presses is subsequently mixed with the filtrate from the dewatering
press. To make the viscose fraction easier to transport, a pressing and drying section
increases the viscose consistency to 90%. The gas burner also supplies the drying section
with the necessary heat.

Temp - ["C
Gas burner Wash Wash water
1 ton/h Steam, 3 bar, sat. press 5 ton
70% - Viscose 0°C
30% - PES Heat transferred Press 1
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Figure 7. The proposed process layout for the viscose/PET separation process via alkaline hydrolysis.
Purple values indicate total flow, green indicates component flow in the stream, brown indicates heat
transfer, and red indicates the temperature. The values are to be seen as indicative and, in this case,

pertain to a hydrolysis residence time of 24 h.

The filtrate from the dewatering press is sent to a vessel for precipitation of TPA with
sulfuric acid. As mentioned previously, the reaction of neutralizing alkali with sulfuric acid
is heavily exothermic, and the excess heat is used to pre-heat the feed. Subsequent washing
and filtering of the outlet stream is then performed to separate the TPA from the process.
The remaining aqueous phase contains EG, degraded viscose, and NapSOy, formed during
the neutralization of the residual alkali. As indicated by Figure 7, the most suitable fate of
this stream is still uncertain, and will be discussed further at a later stage.

Below is a list of additional assumptions in the process layout:

There is no heat loss from the heat exchangers;
The hydrolysis reactor is assumed to be well-insulated, so that the temperature of
90 °C can be held constantly during the reaction, with no need for supporting heat;
The viscose fraction is still pumpable at a consistency of 30%;

e TFor the heating of water, the specific heat capacity is 4.2 k] kg K.

3.2.3. Suggestions for Process Optimization

The proposed process layout in Figure 7 is, in essence, a direct translation of the
laboratory procedures, and results in an upscaled process; consequently, certain areas and
aspects of the proposed process need further elaboration to make them more efficient and
applicable. Minimizing the basic operational expenditures (chemicals, energy etc.) is one
of the most apparent and necessary actions to focus on. Investigation into the most suitable
management of the residual EG/NaySOy fraction, as well as the best application for the
viscose fraction, would also be required to further develop the process.
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The basic operational expenditures of the process are NaOH, natural gas, and H,SOj4.
In this process, the use of NaOH has been identified as the weakest point. Since NaOH is a
relatively expensive chemical (~550 EUR/ton [32]), due to the high power consumption
during its production, and, given its prominent role in the proposed process, efficient
use of NaOH is key to the process economy. 5 tons NaOH/ton of textile feed is fed to
the current process to reach the pH at which the reaction is assumed to proceed most
efficiently. However, even in the process case with the highest alkali consumption, i.e., 24 h
of hydrolysis (Table 2), the amount of residual alkali leaving the reactor is still as much as
~4.85 ton/ton of textile feed, i.e., only a fraction of this valuable chemical is irreversibly
consumed. In the proposed process, this means that a massive amount of unused alkali,
a value of around 2670 EUR/ton textile, follows the filtrate to the TPA precipitation tank,
and is neutralized into NaySOy. Not only is this an inefficient use of NaOH, but it is also
an inefficient use of HySO4 which is used for neutralization. At least three robust process
improvements, to be evaluated separately and subsequently in combination, to increase
the NaOH economy have been identified:

1.  Lower the textile-to-solvent ratio during hydrolysis significantly from 1:100. Assum-
ing the same alkali consumption for a textile-to-solvent ratio of 1:10 would mean an
input of 0.50 ton NaOH/ton textile, a residual alkali of 0.35 ton/ton textile, and a
value of ~193 EUR/ton textile that is neutralized. Initial experimental results show
that wetting of the cut fabric is possible down to a textile-to-solvent ratio of 1:15, and
that full depolymerization of neat PET textile is achieved after 24 h of hydrolysis at
this ratio.

2. Lower the concentration of NaOH in the solvent from 5 wt%. Similar to the reduc-
tion of the textile-to-solvent ratio, this process change must also be experimentally
evaluated to determine the lowest possible NaOH concentration without the risk of
decreased yields.

3. Separate the TPA salt in the filtrate from the dewatering press before precipitation
(Figure 7) with a nano filtration (NF) membrane and/or ion exchange technology.
By doing so, the permeate, with most of the residual alkali, could be recycled, and
mixed back in with the textile feed. There are pH-stable NF membranes that appear
as promising candidates which are able to withstand the alkaline filtrate, with a
cutoff down to 200 Dalton [33]. The TPA salt (TPA-Nay) has a molecular weight of
210 g/mol, and might possibly be effectively separated in the NF membrane, although
this should also be verified experimentally.

For the third process improvement listed above, a new iteration of the process layout
was created (Figure 8). In it, it is assumed that an effective recirculation of 90% of the
residual alkali with the aid of a NF membrane is possible. It is assumed that 10% of the total
flow follows the retentate with up-concentrated TPA. Compared to Figure 7, the required
makeup of fresh NaOH decreases by 87%, and the charge of HySO,4 decreases by 88%. The
energy consumption also decreases by 72%, since the recycling of the high temperature
residual alkali stream, at 87 °C, drastically lowers the need for external heating for the
ramp up to 90 °C.

As mentioned previously, it will be necessary to identify treatment options for the
residual EG/NaySO; fraction after TPA precipitation. Within the frames of this work, it
has not yet been clarified whether it is possible to separate EG from NaySOy4. Although
commercially available technologies for glycol recovery do exist, preliminary discussions
with one of the providers of such a technology (cleantech company Recyctec [34]) indicate
that the EG/NaySOy stream in question might be difficult to process due to its high
conductivity. Furthermore, the amount of EG in the stream is relatively small, and it
might not be economically viable to separate it, but perhaps it could be for Na;SO4, which
dominates the composition of the stream. If it is suspected that the fraction cannot be
separated, the question remains whether to regard it as hazardous waste, or if it can simply
be treated in a wastewater treatment plant. A recycling company [35], which was contacted,
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concluded that a detailed composition of the stream would need to be available for the
proper classification.
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Figure 8. The proposed process layout for the viscose/PET separation process with the improvement
of separating and recycling residual alkali back to the textile feed. Purple values indicate total flow,
green indicates component flow in the stream, brown indicates heat transfer, and red indicates the
temperature. The values are to be seen as indicative and, in this case, refer to a hydrolysis residence
time of 16 h.

It is of great importance to allow the PET hydrolysis to be completed to avoid contam-
ination of the viscose fraction by the remaining PET. Experimental results indicate that up
to 16 h are required for complete hydrolysis of neat PET and the Filament70/30 sample.
However, for the blended fabric, Fabric70/30, complete removal of PET was not achieved,
even after 24h of hydrolysis (Figure 2a). Phase transfer catalysts have previously been
used in alkaline hydrolysis of both PET and cotton/PET blends, and their use might be
advisable to speed up reaction, debottleneck the process, and minimize the volume of the
reaction vessel. One potential alternative would be to conduct the hydrolysis in multiple
step reactors, with a countercurrent flow of the alkaline solution.

The proposed process in this work depicts a standalone plant. It is well known that
integration between chemical industrial processes might have various economic and envi-
ronmental benefits, as compared to a standalone process. Integration of the viscose/PET
separation process with a Kraft pulp mill would yield several potential benefits:

1. Instead of having a gas burner, low pressure steam could be bought from the pulp mill.
This removes the capital expenditure (gas burner) of the viscose/PET process, and,
further, the pulp mill steam should be less expensive, as well as renewable, compared
to natural gas.

2. Ifitis not possible to separate the EG/NaySO; fraction, the existing infrastructure at
the pulp mill may offer some alternatives for its disposal. If the EG/Na;SOy stream
can be treated as a normal effluent, it could simply be sent to the wastewater treatment
plant. Otherwise, it could perhaps be evaporated, and subsequently incinerated in the
recovery boiler; however, this would be at the expense of increased energy consump-
tion in the mill’s evaporation plant. Furthermore, it must be investigated whether the
amount of Nap;SOy in the stream will significantly alter the pulp mill’s Na/S balance,
possibly increasing the NaOH makeup demand, as well as the associated costs.
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3. The chemicals used in the viscose/PET process, NaOH and H,SO,, are already used
in the pulp mill. The viscose/PET process can potentially directly use the prepared
solutions of these chemicals from the pulp mill.

4. Other economic benefits related to infrastructure, such as a reduced need for land
and ground preparation, shared buildings, and utilities infrastructure (e.g., power
substation, fresh- and cooling water), as well as shipping and/or transportation.

4. Conclusions

Alkaline hydrolysis of PET from viscose/PET fabrics was shown to render pure
terephthalic acid and a cellulose fraction with a decreased molecular weight and increased
crystallinity. A complete depolymerization of PET, as well as the subsequent separation
of the blended fabric, requires long reaction times, >24 h under the present, mild reaction
conditions. The intrinsic viscosity of cellulose after hydrolysis is 130-150 mL g~!, too
low for use in commercially regenerated fibers or traditional cellulose derivatives, such
as cellulose ethers or nitrates. In fact, all samples show an initial IV, prior to hydrolysis,
below the desired IV range for dissolving pulps aimed for use in various commercial uses,
probably due to a reduction in molecular weight as a function of viscose processing. How-
ever, low molecular weight polysaccharides can find other uses, e.g., through hydrolysis
into nanocrystalline cellulose, or in sugar platforms for further valorization into specialty
chemicals and biofuels. An upscaled process layout was constructed, based on the pro-
posed process, with the objective of optimizing chemical and energy use. From this model,
a number of process developments were suggested. We believe that an iterative process
between small-scale experimental work and techno-economic and life cycle analysis is
highly beneficial in developing recycling processes which are economically and ecologically
viable.

Future Suggestions

The inefficient use of NaOH was recognized as the weakest point in the proposed
process, whose cost, at present, would very likely exceed any reasonable revenue from the
sales of TPA, EG, and the cellulose fraction. Efforts must be dedicated to reducing NaOH
consumption, e.g., by the use of an NF membrane or a lower textile-to-solvent ratio. These
results should be used as a guide to further experimental work, to favor an economically
and ecologically viable process.

Further, experimental work should focus on increasing the hydrolysis rate, as the slow
kinetics of hydrolysis of the blended textile require large volume reactors. This may be
accomplished using a phase transfer catalyst, or an increase in either temperature or NaOH
concentration.

In future studies, proper characterization of the EG/Na;SOy stream and identification
of separation technologies and waste treatment alternatives should be included. Given
the low content of EG in the stream, it is possibly more relevant to identify technologies
which could be used to separate Na;SO4, which dominates the composition of the stream.
Furthermore, the process would probably largely benefit from an integration with a pulp
mill.

It is emphasized that the values, presented as output from the process layouts, should
be seen as indicative for the overall process. Even though some aspects of the proposed
process do not seem encouraging at this current stage, it is far too early to reject it. Instead,
the suggested actions to take in future work should be seen as important steppingstones to
close the loop for a fraction of the multi-material textiles.
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Abstract: Since textile waste recycling is a global challenge, there is an emerging need to explore this
research direction due to the little knowledge about textile recycling. This study aimed to study the
property of yarns produced from recycled textile/cotton fiber blends for proportion optimization
and to check whether they can be used for denim fabric production. The properties of recycled
fiber and virgin cotton spun on open-end having 4.5 Ne were investigated with fiber proportions of
20/80,25/75,30/70, 35/65,40/60, 45/55, and 50/50. The results were analyzed with Design-Expert
software, using central composite design to optimize the proportion. The 40/60 proportion had the
optimum result, and by using this optimized proportion, 10 Ne yarn was produced and used for
denim fabric production. The sample denim fabric produced used recycled yarn as a weft, showing
that the recycled fiber turned yarn can be used in manufacturing products such as denim. The
physical properties of the denim fabric confirmed that the recycled goods have wearable quality.
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and Hanna de la Motte Textile waste is categorized into pre-consumer waste and post-consumer waste [1];
the former is generated in the manufacturing process, and the latter contains worn-out
or trashed textile products that are no longer serviceable [2]. Among the most severe
environmental problems, solid textile waste management is the most significant one society
faces. It has been well addressed that waste incineration and improper waste management
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fations. a higher tendency to increase CO; emissions; in that regard, incineration of waste is a much

better option comparably given that there are no options [5,6]. Additionally, chemical

recycling has been considered even worse than producing new virgin materials [7,8]. Since
By

synthetic textile fabrics do not decompose, thus creating substantial environmental conse-
quences, they produce methane gas, contributing to global warming after decomposition.
Furthermore, textiles in landfills also release hazardous substances into soil and groundwa-
ter, contributing to environmental pollution. In the denim industry, mostly cotton is used,
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space required for landfills; has the benefit of not requiring energy- and time-intensive
pre-processes for virgin materials; and reduces the costs of dyeing, scoring, fixing agents,
and water consumption for their manufacturing [13,14].

Pre-consumer wastes are the industrial wastes generated in fibrous products” man-
ufacturing processes. Since wastes are generated at different manufacturing stages, the
type of waste could be a single polymer or a very complex multi-material compound.
Single polymers are usually useful, more manageable, and suitable for recycling as a cor-
porate recycling process can separate them to their corresponding component [15]. Such
approaches help identify the source of waste generation and design measures to reduce
waste generation [16,17].

Post-consumer waste, also known as home waste, refers to fibrous materials and by-
products scrapped after their service life is over [18,19]. Since most fibers are transformed
into different products, the volume of post-consumer waste is higher when compared with
the fiber consumption rate [20]. Some collection and sorting network chains are required
to support commercially available activities to recycle this home waste significantly. In
addition to directly reusing clothing, the collected textile fiber waste could be converted into
usable nonwoven applications such as wipes or shredded into being used as fillers [21]. In
addition, recently, the microstructure and performance characteristics of acoustic insulation
materials made from post-consumer recycled denim fabrics have been assessed [11,22-24].

Sharma and Goel [25] developed nonwoven fabrics using polyester/cotton recycled
fibers with different proportions (70:30, 50:50, and 70:30) with the needle punching method,
and the various properties of the developed nonwoven fabrics were analyzed. It was indi-
cated that the most proper ratio of nonwoven blended fabric based on physical properties
was the 30:70 cotton/polyester fiber blend. Ichim and Sava [26] also studied the spinnability
of recycled cotton fibers blended with virgin cotton at 20/80, 40/60, and 60/40 proportions.
The result revealed that as the percentage of waste increases, the yarn has decreased break-
ing elongation but increased yarn irregularity and mass irregularity. Additionally, they
indicated that these types of yarns with the percentage of reclaimed cotton could be used
as a gauze bandage fabric due to its short lifespan and because their application focuses
on absorbency rather than uniformity and strength. Thilak and Dhandapani [27] studied
the influence of blend ratio on the quality aspects of recycled cotton and polyester yarn
and indicated that the ratio of recycled polyester significantly affects the quality of recycled
cotton and polyester blended yarn. As a result of increasing the tenacity of the blended
yarn, the elongation at break and hairiness increases, and correspondingly, it decreases
unevenness, thick and thin places, and neps.

In contrast, decreasing the linear density increases the tenacity, thick and thin places,
elongation at break, neps, unevenness, and hairiness [27,28]. The intrinsic nature of the
recycling process produces fibers with a short length of unopened or partially opened
fibers, non-uniform, and a higher number of imperfections [29]. These restrictions enable
only the production of coarser count yarns. However, the production of medium and
fine count yarns is yet to be explored. Wei and Liang found that properly using waste
textiles and clothing recycling has gained much attention in the post-COVID era [30]. New
spinning systems, including friction, rotor, and ring spinning, have successfully produced
recycled polyester and cotton yarns. Rotor spinning is one of the most widely used spinning
techniques for producing reclaimed yarns [31].

Recently, Wang et al. [32] studied virgin polyester and cotton blending using principal
component analysis and grey relational analysis. This work investigated the properties of
recycled yarn produced from recycled fiber and virgin cotton with different proportions.
The recycled fiber and virgin cotton were mixed in different proportions to coarser count
yarns. Producing finer yarn is a future task that needs further research based on the results
we acquire from this research. The number of runs and proportions were identified using
Design-Expert software’s central composite design method [33].
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2. Experimental
2.1. Materials

Pre-consumer (industrial) knitted waste fabric was collected from a cutting and stitch-
ing department of the garment industry. When cutting knitted fabric for garment produc-
tion, much of the knitted fabric becomes waste material due to improper pattern laying
and cutting problems. In addition, pre-consumer knitted waste fabric occurs in the knitting
process due to defects. All defective knitted fabric was removed during fabric inspection.
The type of waste and other waste fiber and fabric parameters were measured and are
presented in Tables 1 and 2. The waste comprised different colors and parameters; therefore,
it is taken in a range.

Table 1. Pre-consumer waste fabric parameters.

Fabric Type Knitting
Structure Plain

Weight (gm/ m?) 140-180
Thickness (mm) 0.4-0.6
Course density (cpi) 40-50
Wale density (wpi) 3040
Yarn count (tex) 18-30

Yarn twist (tpm) 150-230

Table 2. Parameters of waste acrylic weft yarn.

Fiber Type Regenerated Acrylic
Yarn count (tex) 738
Yarn twist (tpm) 185
Breaking strength (N) 24.6
Elongation (%) 11.97

Waste of weft yarn (recycled acrylic) was used as an additional material in the recycled
fiber. This was mixed with waste fabric, and both were converted to fiber as shown in
Figure 1; the parameters of waste yarn are shown in Table 2.

Waste fabric shredding and

mixed with waste acrylic yarn

Figure 1. Steps to recycle waste fabrics.

The collected fabric and yarn wastes were mixed and converted into recycled fiber
using a Garnet shredding machine, and the recycled fiber was then tested for the different
properties as shown below in Table 3. The fiber length, fineness, and strength were
measured. The trash content was analyzed by the Shirley trash analyzer. Chemical (solvent)
identification showed that cotton, acrylic, and polyester fibers were found in the recycled
fiber at percentages of 32.5%, 49.8%, and 15.9%, respectively. The remaining percentage
could be protein fibers such as wool and silk. The chemical analysis was carried out as per
the ASTM-D5103-07 standard by using sulfuric acid (99.8%), sodium hydroxide (pellets),
and zinc chloride.
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Table 3. Recycled fiber properties.

Parameters Value
Fiber length (mm) 30
Fiber fineness (dtex) 1.75
Fiber strength (cN/tex) 27.6
Elongation (%) 13.5
Trash content and noil (%) 12.42

Virgin cotton fiber was collected from the factory, and the properties were tested using
a High Volume Instrument; the results are presented in Table 4.

Table 4. Virgin cotton fiber properties.

Parameters Unit Average Value Standard Performance Level
Moisture % 6.3 4.5-6.5 Low moisture
Micronaire value - 3.58 3.0-3.6 Fine
Maturity - 0.82 0.75-0.85 Immature
UHML mm 26.4 26.2-27.8 Medium-long
Uniformity index % 80.8 81-84 Medium
Short fiber content % 9.4 10-13 Medium
Strength g/tex 25.1 25-27 Medium
Elongation % 8.4 >7 Very high
Trash content % 6.26 4-7 Dirty
Sticky point No. 0.6 0-2 Very small

2.2. Yarn Production

The recycled fiber and virgin cotton were mixed in different proportions. The number
of runs and proportions were identified using the central composite design method from
Design-Expert software [34,35], as shown in Table 5.

Table 5. Optimized central composite design for recycled fiber/cotton fiber proportion.

Std Run Factor 1 A: Recycled Fiber%  Factor 1 B: Recycled Fiber%
2 1 50 50
6 2 35 65
5 3 25 75
4 4 40 60
3 5 20 80
1 6 30 70

Yarn of 131 tex (4.5 Ne) was manufactured on a rotor spinning machine with seven different
combinations of recycled fiber and cotton fiber. The yarn was investigated for its physical
properties. The result was inserted into the software and analyzed using different tools, as
presented in Table 6.

Table 6. Two-level factorial design for recycled fiber/cotton fiber proportion.

Std Run Factor 1 A: Recycled Fiber% Factor 1 B: Recycled Fiber%
5 1 35 65
4 2 40 60
6 3 45 55
7 4 30 70
2 5 20 80
3 6 25 75
1 7 50 50
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This software performed another hundred runs between those seven proportions
depending on the given results. From the 100 runs, the proportions which had the optimum
result were selected. The selected optimum proportion was used to produce a 10 Ne count
of yarn, and sample denim fabric was produced using this yarn. Thus, the fabric used
recycled fiber/cotton blended yarn as a weft yarn because it was challenging to produce
in a warp.

2.3. Denim Fabric Production

During sample denim fabric production, the recycled yarn is used as weft yarn because
denim fabric is made of dyed warp and undyed weft yarn, so the recycled yarn cannot be
used as warp; it cannot be dyed. The second reason is that there is the insufficient yarn
for the warping process. In addition, it is better to use recycled yarn as a weft thread as
it is hiding in the back side of the fabric. However, there is high weft breakage because
the twist was not in the required amount. It has a twist multiplier of less than 3, but the
required twist multiplier is 5.2-5.6. If it produces with the required twist level, it can be
used for denim fabric production rather than a blanket. The fabric was produced using
a TOYOTA air jet weaving machine with a loom speed of 848 rpm.

3. Results and Discussion

In order to study the effect of recycled fiber and cotton fiber content on the yarn
property, seven different proportions were produced and are presented in Figure 2 from
the software.

20/80 25/75 30/70 35/65 40/60 45/55 50/50

Figure 2. Yarns produced with different proportions of recycled fiber and cotton fiber.

The analyzed results by Design-Expert software with two factors (Factor 1: Recycled
fiber; Factor 2: Cotton fiber) are presented in Table 7. The six responses (Response 1: Yarn
strength; Response 2: Yarn elongation; Response 3: Yarn unevenness; Response 4: Thin
place; Response 5: Thick place; Response 6: Neps) are presented in Tables 8 and 9.

Table 7. Denim fabric construction and weaving process parameters.

Parameters Results
Warp yarn Cotton
Weft yarn Recycled/cotton blend
Warp and weft yarn count 10 s open-end yarn
Warp density 60 end per inch
Weft density 42 pick per inch
Weave type 3/1 right-hand twill

Table 8. Description of factors (recycled and cotton fiber).

Factors Fiber Unit Minimum Maximum Mean Std dev
A Recycled % 20.00 50.00 35.00 10.80
B Cotton % 50.00 80.00 65.00 10.80
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Table 9. Description of responses (yarn properties).

Response Property Unit Obs Max Min Mean Std dev
R1 Yarn strength cN/tex 7 713 4.38 5.95 0.8597
R2 Yarn elongation % 7 10.85 6.35 9.29 1.67
R3 Yarn unevenness U% 7 15.64 12.11 13.57 1.16
R4 Thin place (—50%) - 7 68 12 33.14 17.81
R5 Thick place (+50%) - 7 812 104 345.5 251.58
R6 Neps (+200%) - 7 852 198 390.4 226.88

The six basic properties (Responses) of yarn were studied, and the result is presented
in Table 9.

Predicted value vs. actual value: The predicted value was compared with the actual
value for each response. In Figure 3, the solid line indicates the predicted value, and
the dots indicate the actual value. The actual values of yarn strength, elongation, and
unevenness coincided with the predicted values, as shown in Figure 3.

Design-Expert® Software Design-Expert® Software Design-Expert® Software
Yam Strength Yarn Elongation Yarn Evenness
Predicted vs. Actual
Predicted vs. Actual Predicted vs. Actual

~ b4
3 ¥ 5]
g ke b
3@ 2 &
& a

4 5 6 7 8 6 7 8 9 10 11 12 2 B 14 15 1
Actual Actual Actual

Figure 3. Predicted vs. actual values of yarn strength, elongation, and unevenness.

However, the actual values of yarn imperfection (neps as well as a thin and thick
places) did not coincide with the predicted values as shown in Figure 4, which means that
for this model, the yarn imperfections were less affected by the recycled fiber or cotton fiber.

Design-Expert® Software Design-Expert® Software Design-Expert® Software
Thin place -50% Thick place +50 Neps +200%
Predicted vs. Actual Predicted vs. Actual Predicted vs Actual
_ -
£ £
3 % 8 g8
g g . - g § P
a & § L]
£ £

T T T T T
o 200 400 600 800 1000

Actual

Figure 4. Predicted vs. actual values of neps and thin and thick places.
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3.1. Correlation and Regression

The relation between each factor and response is shown below in Figure 5: as the color
goes to blue, the relation is a strong negative correlation (inverse relation), and as the color
goes to red, the relation is a strong positive correlation (direct relation).
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Figure 5. Correlation between recycled fiber and yarn properties.

Recycled fiber has a strong negative correlation with yarn strength and yarn elonga-
tion (—0.922 and —0.948, respectively), which means that as recycled fiber increases, the
yarn strength and elongation decrease. But it has a strong positive correlation with yarn
unevenness, 0.959. It correlates 0.572, 0.386, and 0.598 with the thin place, thick place, and
neps, respectively. The correlation between cotton fiber and each response is inverse of
the correlation between recycled fiber and responses. Cotton fiber has a strong positive
correlation with yarn strength and yarn elongation (0.922 and 0.948, respectively), which
means that as cotton fiber increases, the yarn strength and elongation also increase. But it
has a strong negative correlation with yarn unevenness, —0.959; as the cotton fiber increase,
the yarn unevenness will decrease. The cotton fiber has a correlation of —0.572, —0.386,
and —0.598 with thin and thick places and neps, respectively, shown in Figure 6. Therefore,
yarn strength, elongation, and unevenness are highly affected by the proportions of cotton
and recycled fiber, and the yarn-produced imperfections (thin and thick places and neps)
are affected to some extent.
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Figure 6. Correlation between cotton fiber and yarn properties.
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3.2. Interaction between Factor and Response
3.2.1. Interaction between Cotton Fiber/Recycled Fiber Proportion and Yarn Strength

The interaction between the factors (cotton fiber/recycled fiber proportion) and Re-
sponse 1 (yarn strength) indicates that as the cotton fiber percentage increases, the yarn
strength increases, but as the recycled fiber amount increases, the yarn strength decreases
as shown in Figure 7. The optimum result was observed with the proportion of 72% cotton
fiber and 28% recycled fiber.

Yarn Strength (CNitex)

Design-Expert® Software
Factor Coding: Actual

Yarn Strength (cN/tex)
@ Design Points
433 IS 7.13

B:Cotton fiber (%)

X1 = A: Recycled fiber
X2 = B: Cotton fiber

Design-Expert® Software
Factor Coding: Actual

Yarn Strength (cN/tex)
@ Design points above predicted value
O Design points below predicted value
433 I 7.13

Yarn Strength (cNtex)

X1 = A: Recycled fiber 68
X2 = B: Cotton fiber B:Cotton fiber (%) %

32 38
26 A:Recycled fiber (%)

50 20

Figure 7. Two- and three-dimensional plots of the interaction of cotton fiber /recycled fiber proportion

and yarn strength.

3.2.2. Interaction between Cotton Fiber/Recycled Fiber Proportion and Yarn Elongation

The interaction between the factors (cotton fiber/recycled fiber proportion) and Re-
sponse 2 (yarn elongation) indicated that as the cotton fiber percentage increases, the yarn
elongation also increases, but as the recycled fiber amount increases, the yarn elongation
decreases, as shown in Figure 8. The optimum result was observed with 66% cotton fiber
and 24% recycled fiber, indicated by the red color.

3.2.3. Interaction between Cotton Fiber/Recycled Fiber Proportion and Yarn Unevenness

The interaction between the factors (cotton fiber/recycled fiber proportion) and Re-
sponse 3 (yarn unevenness) indicated that as the cotton fiber percentage increases, the
yarn unevenness decreases. However, as the recycled fiber amount increases, the yarn
unevenness increases, as shown in Figure 9. To obtain the minimum result, cotton fiber
should be above 70% and recycled fiber should be below 26%, which is indicated by the
blue color.
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Yarn Elongation (%)

X1 = A: Recycled fiber
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Figure 8. Two- and three-dimensional plots of the interaction of cotton fiber /recycled fiber proportion

and yarn elongation.
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Design-Expert® Software
Factor Coding: Actual

Yarn Unevenness (%)
@ Design points above predicted value
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X1 = A: Recycled fiber
X2 = B: Cotton fiber
Figure 9. Two- and three-dimensional plots of the interaction of cotton fiber /recycled fiber proportion

and yarn unevenness.

3.2.4. Interaction between Cotton Fiber/Recycled Fiber Proportion and Thin Place (—50%)

The interaction between the factors (cotton fiber or recycled fiber proportion) and
Response 4 (thin place) indicated that as the cotton fiber percentage increases, thin places
on the yarn decrease, but as the recycled fiber amount increases, thin places increase, as
shown in Figure 10. Thus, to obtain a favorable result, cotton fiber should be above 70%
and recycled fiber should be below 26%, which is indicated by the blue color.
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Design-Expert® Software
Factor Coding: Actual
Thin place -50%
@ Design Points
12 I 68

X1 = A: Recycled fiber
X2 = B: Cotton fiber

Design-Expert® Software
Factor Coding: Actual

Thin place -50%

@ Design points above predicted value
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Figure 10. Two- and three-dimensional plots of the interaction of cotton fiber/recycled fiber propor-

tion and yarn thin place (—50%).

3.2.5. Interaction between Cotton Fiber/Recycled Fiber Proportion and Thick Place (+50%)

The interaction between the factors (cotton fiber/recycled fiber proportion) and Re-
sponse 5 (thick place) indicated that as the cotton fiber percentage increases, thick places
on the yarn decrease, but as the recycled fiber amount increases, thick places increase, as
shown in Figure 11. However, sometimes there is also a sudden change, possibly due to
another factor. To obtain a favorable result, cotton fiber should be above 71% and recycled
fiber should be below 25%, which is indicated by the blue color.

Design-Expert® Software
Factor Coding: Actual

Thick place +50%
@ Design Points
104 I 812

X1 = A: Recycled fiber
X2 = B: Cotton fiber

Design-Expert® Software
Factor Coding: Actual

Thick place +50%
@ Design points above predicted value
O Design points below predicted value
104 NN 812

X1 = A: Recycled fiber
X2 = B: Cotton fiber

B:Cotton fiber (%)

Thick place +50%

Thick place +50%

Figure 11. Two- and three-dimensional plots of the interaction of cotton fiber/recycled fiber propor-

tion and yarn thick place (+50%).
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3.2.6. Interaction between Cotton Fiber/Recycled Fiber Proportion and Neps (+200%)

The interaction between the factors (cotton fiber/recycled fiber proportion) and Re-
sponse 6 (Neps) indicated that as the cotton fiber percentage increases, neps on the yarn
decrease, but as the recycled fiber amount increases, neps also increase, as shown in
Figure 12. To obtain a favorable result, cotton fiber should be above 60% and recycled fiber
should be below 28%, which is indicated by the blue color.

e +200%

Design-Expert® Software
Factor Coding: Actual
Neps +200%
@ Design Points
198 NN 852

B:Cotton fiber (%)

X1 = A: Recycled fiber ol
X2 = B: Cotton fiber o

Design-Expert® Software
Factor Coding: Actual

Neps +200%

@ Design points above predicted value
O Design points below predicted value
198 N 852

Neps +200%

X1 = A: Recycled fiber
X2 = B: Cotton fiber

Figure 12. Two- and three-dimensional plots of the interaction of cotton fiber/recycled fiber propor-
tion and Neps (+200).

After the responses were analyzed, one hundred runs were made by the software
to find out the optimum proportion, as shown in Figure 13. The yarn properties were
predicted for each of the hundred runs, and then, the optimum result was selected (the first
run in Figure 13).

80 Overplay Plot
74 ] >
Design-Expert® Software £ w ®
Factor Coding: Actual & .
i .
g -
Overlay Plot .
. Design Points % 5
X1 = A: Recycled fiber s & & - ;. p.A
X2 = B: Cotton fiber
A: Recycled fiber (%)

Figure 13. Graphical selection of optimum proportion of recycled and cotton fiber.
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Finally, the software confirmed the optimum proportion, 39/61, with 95% confidence,
as shown in Table 10. Thus, this proportion was used to produce the yarn of 10 Ne count
for sample denim fabric production (as shown in Figure 14).

Table 10. Test results of each response for seven runs.

F1 F2 R1 R2 R3 R4 R5 R6
Trial Recycled Cotton Yarn strength Yarn U% Thin place  Thick place Nep
fiber (%) fiber (%) (cN/tex) elongation (%) (—50%) (+50%) (+200%)
1 20 80 6.13 9.89 13.23 32 307 480
2 25 75 5.9 8.67 13.74 42 562 404
3 30 70 5.46 8.07 14.37 68 812 852
4 35 65 6.44 10.54 13.07 26 212 254
5 40 60 7.13 10.85 12.11 12 184 198
6 45 55 6.2 10.63 12.81 28 238 227
7 50 50 4.38 6.35 15.64 24 104 318

Figure 14. Denim fabric produced from recycled yarn and cotton yarn.

Some physical properties of the produced sample fabric, such as tensile strength,
elongation, tear strength, pilling, and abrasion, were tested, and the result is presented
in Table 11.

Table 11. Confirmation of the selected optimum proportion.

Confirmation
Two-Sided, Confidence = 95%
Recycled Fiber = 39.0003, Cotton Fiber = 61.2458

Response Prediction Mean Prediction Median
Yarn strength 5.65512 5.65512
Yarn elongation 8.70025 8.70025
Yarn unevenness 13.978 13.978
Thin place (—50) 36.9145 36.9145
Thick place (+50) 381.517 381.517
Neps (+200) 440.718 440.718
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References

The result shows that the fabric has favorable tensile strength and elongation, even
if it was produced without spandex (Table 12). The abrasion and pilling test indicated
a moderate change in color with visual fraying and slight to moderate pilling. How-
ever, further study is needed to analyze denim fabric produced from recycled and pure
cotton yarn.

Table 12. Physical properties of sample denim fabric.

Parameters Results

Thickness (mm) 1.07
Tensile strength (N) 429, in weft direction
Elongation (%) 11.25, in weft direction
Tear strength (N) 48.62, in the weft direction
Pilling 3/4
Abrasion 3
Warp and weft yarn count 10s OE

4. Conclusions

As per the designed method, the results show that as the composition of recycled
fiber in the blend increases, the yarn properties such as strength, elongation, and evenness
are reduced, and vice versa. The yarn imperfections increased to some extent as the
recycled fiber amount increased. Thus, yarn strength, yarn elongation, and yarn evenness
are significantly affected by the recycled fiber/cotton fiber proportion. Therefore, from
the seven proportions (20/80, 25/75, 30/70, 35/65, 40/60, 45/55, and 50/50 recycled
fiber/cotton fiber) and from the other 100 proportions between those seven proportions,
which were made by Design-Expert software, the optimum result was found with the
39/61~40/60 proportion. Additionally, 10 Ne yarn was produced using this optimized
proportion and used for denim fabric production, even if it was not on the required
specification. The sample fabric had favorable physical properties. Therefore, the recycled
fiber can be used to produce denim fabric by producing yarn with the required specification.
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