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1 Introduction

The textile and fashion industry faces criticism from governments, non-government
organizations (NGOs), environmental pressure groups, and other stakeholders
around the world due to the rapid depletion of resources (to produce cotton, synthetic
fibers, and other fibers), dramatic environmental pollution (e.g., water pollution,
microplastic pollution, landfill hazards, and openly dumped litters), and lack of
employee well-being. It is a complex manufacturing and retail supply chain going
through a sustainable transformation phase of late. Sustainable manufacturing in
textile and fashion is a relatively new area of research (Mishra et al., 2020). While
textile processing was, and still is, environmentally hazardous in most manufacturing
countries (Uddin, 2019), also the fashion industry (post-textile garment manufactur-
ing and distribution) is labor-intensive and prone to human compliance issues
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(Anguelov, 2015). Almost all textile and garment manufacturing industries are
based in developing countries such as China, Bangladesh, Vietnam, Turkey, India,
Indonesia, and Cambodia, and many are still lagging in economic and human devel-
opment. Hence, the textile and apparel industry has long been operated in an unsus-
tainable manner. However, as the environment started taking its toll and the
community became more concerned about compliance issues, sustainable practices
began to take place in the textile and fashion industry, mainly in the last decade
(Patwary, 2020). The circular economy is suggested as an effective approach for
driving sustainable development by transforming the linear economy of take—make—
dispose to a circular one by facilitating the reusing and recycling of materials and
reducing waste (Skvarciany et al., 2021). For sustainable manufacturing practices in
the textile and fashion industry, the circular economy has the potential to drastically
reduce material waste and virgin material use. Material waste in the textile supply
chain is a major environmental and economic issue. Empirical research done by
Khairul Akter et al. (2022) showed that a typical cotton textile production chain
generates a total of 126.4 kg of material waste on average in the subsequent produc-
tion processes (spinning, weaving/knitting, dyeing—printing—finishing, and apparel
manufacturing) for every 100 kg of fiber processing in each stage. A large portion
of these material wastes are traded through the informal (undercover) market, and
the rest ends up in open dumps (or, in a few cases, in landfills), causing different
environmental problems. Bangladesh, the second largest apparel producer after
China, generates approximately 577,000 tons of such post-industrial textile waste
every year (Pavarini, 2021). China is expected to produce more than 100 million
tons of pre-consumer textile waste yearly, one of the major contributors to environ-
mental and human health problems there (Li et al., 2021). The circular economy can
reduce the environmental loads from textile waste and potentially cease the materi-
als going to the informal market and redirect wastes from the landfills (and open
dumps) to increase value addition. However, implementing circularity in the textile
supply chain is difficult due to its long production chain, supplier network, and
technical complications (Kazancoglu et al., 2020). Recycling of the excess materi-
als from production and unavoidable process leftovers (yarn leftovers and fabric
leftovers) in the textile production chain is needed to implement circularity (Leal
Filho et al., 2019).

This chapter is composed in a way to educate the readers about the concept of
recycling, and recycling of textile materials, followed by case studies from
Bangladesh’s textile industry. Details of the solid waste generation from the textile—
apparel manufacturing process and scopes of recycling textile materials are depicted.
The three case studies have information drawn from real-time observations of the
authors in three textile factories in Bangladesh. A complete process of transforma-
tion of waste to recycled fiber and recycled fiber to recycled yarn is covered. A
discussion on circular economy in the textile supply chain is followed to impart
complete knowledge on sustainable manufacturing in textile and fashion.
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2  Concept of Recycling

Recycling is the third component of the most extensively used waste prevention
hierarchy—the 3R: Reduce, Reuse, and Recycle. In Layman’s terms, it is the pro-
cess of converting waste into reusable material. The fundamental difference between
reusing and recycling is that there is an additional processing or action needed for
the conversion of the waste materials into something reusable. Though it sounds
simple, recycling is complicated. How recycling is defined has an impact on the
recycling outcomes. Scrutinizing different definitions of recycling given by differ-
ent relevant bodies reveal interesting point of views.

The US Environmental Protection Agency (EPA)! defines, “recycling is the pro-
cess of collecting and processing materials (that would otherwise be thrown away as
trash) and remanufacturing them into new products.” They identify three essential
steps in recycling: (i) Collection, (ii) Processing, and (iii) Remanufacturing. The
Waste Framework Directive of the European Commission? defines, “any recovery
operation by which waste materials are reprocessed into products, materials or sub-
stances whether for the original or other purposes.” Here, the recycling process is
defined as a recovery operation. This definition provides additional information that
the recovered and/or reprocessed products or materials can also be used for other
than the original purposes. The Solid Waste Association of North America (SWANA)?
defines, “recycling is the collection, sorting, marketing, processing, and transform-
ing or remanufacturing of recyclable materials into recycled materials and recycled
products, including marketing thereof; and the purchase and use of recycled prod-
ucts.” SWANA provides a more holistic definition with the idea of identifying recy-
clable materials, transforming recyclable materials into recycled materials leading to
the processing of recycled products and the marketing of both recyclable materials
and recycled products. The new dimension in this definition is the inclusion of the
marketing of both recyclable materials and recycled products. It provides the notion
that recycling cannot be successful if it does not make economic sense. Another
notable definition can be mentioned given by Frank Ackerman (1997) in his book
“recycling is an impressively pure form of altruism, a widespread commitment to the
greater good/participation in recycling is, in addition to its more literal purposes, a
ritual of environmental belief.” He says that recycling is a behavior, a philanthropic
act. Firm belief in environmental concerns drives participation in recycling.

The implication of the recycling definitions can be found in different research
works, such as the idea of the two primary forms of recycling operations: internal
and external recycling. Internal recycling involves reusing waste materials gener-
ated during a manufacturing process within the same process. This can include
scrap materials, excess or leftover materials, and waste products. Waste materials
from internal sources in many cases are unavoidable. On the other hand, external

Thttps://www.epa.gov/recyclingstrategy/us-recycling-system
2https://environment.ec.europa.eu/topics/waste-and-recycling/waste-framework-directive_en
3https://community.swana.org/communities/community-home/librarydocuments/viewdocument
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recycling involves the collection and processing of waste materials outside of the
original manufacturing process. These materials are then transformed into new
products, which may or may not be related to the original manufacturing process.
An example of external recycling is the collection of old newspapers and magazines
for re-pulping and their manufacture into new paper products or the collection of
post-consumer textiles and recycling them back to produce fibers for remanufactur-
ing new textile goods. Hence, it is understandable that internal recycling is the recy-
cling of materials generated as waste in the internal industrial manufacturing system,
i.e., the recycling of pre-consumer waste, whereas external recycling is the recy-
cling of materials after collecting them from consumers who throw them out after
the end of their use. An identification and quantification of the internal recyclable
materials in textile—apparel manufacturing is shown by Khairul Akter et al. (2022)
in their research. Kim and Jeong (2016) designed a closed-loop supply chain model
for photovoltaic system manufacturing with internal recycling of materials from
solar panel manufacturing plants. Zhao et al. (2017) showed how to utilize converter
steel slag in internal recycling in steel industries.

Another aspect of recycling, as stressed by SWANA, is the commercialization of
recyclable materials and recycled products. The role of a functional recycling sector
is emphasized by many researchers and practitioners. Without adequate recycling
infrastructure, policy, and market opportunities, recycling programs tend to become
inefficient and ineffective. The collection of recyclable materials depends on the
collection infrastructure. A well-designed infrastructure can ensure that recyclable
materials are collected efficiently and sorted properly, resulting in a higher percent-
age of materials being recycled. It requires a separate business sector to handle col-
lection, process, and market or distribute recycled products. Recycling infrastructure
and trading of recycled products create thousands of jobs. Unfortunately, if there is
no proper infrastructure in place, wastes are traded through the informal market
channel, especially in developing countries. In Indonesia, one in every thousand
people is found to work in the informal waste recycling and trading sector (Sembiring
& Nitivattananon, 2010). More than 50 million people meet their livelihoods work-
ing in the “jhut” (textile waste) market in Bangladesh (Hamidul Bari et al., 2017).

Finally, according to Ackerman’s definition, recycling is a philanthropic activity,
stressing the need for environmental awareness as a driving factor for recycling. It
involves individuals and communities taking action to protect the environment and
improve the well-being of others. By participating in recycling, one can feel pride
in diverting waste from landfills, conserving natural resources, and reducing pollu-
tion. Apart from environmental benefits, recycling also has economic and social
benefits. It creates jobs providing livelihood to millions of people all over the world.
Recycling involves community engagement and education, which can help build a
sense of community and encourage people to work together toward a common goal.
The development of community awareness and practices is highly stressed by the
United Nations to achieve the Sustainable Development Goals (SDG) (Gui, 2020).
As a part of sustainable practices, many industries are emphasizing on recycling.
The textile and apparel industry has a great recycling scope due to the huge amount
of material waste in the production process.
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3 Recycling of Textile Materials

Textile and apparel production is a long and complicated chain of processes gener-
ating different types of materials as waste. The feed material is fiber: cotton, wool,
hemp, etc., are natural fibers, and polyester (PET), nylon, acrylic, etc., are man-
made or synthetic fibers. The use of man-made cellulosic fibers such as viscose-
rayon, and lyocell is on the rise. The major fibers used in textile production in 2019
were PET (52%) and cotton (23%) followed by rayon and wool (14%) clearly indi-
cating the dominance of synthetic fibers (Textile Exchange, 2020). The fiber content
in clothing can be 100% cotton, 100% PET (or other synthetic fiber), or mixed like
a 65/35 CVC blend (chief value of cotton—a popular blend with 65% cotton and
35% PET). Fiber-to-fiber recycling of both cotton and PET textile waste is already
developed and in operation in many recycling facilities (Ruuth et al., 2022).
However, for blended fiber materials, it is still a challenge to recycle. Technologies
to separate the synthetic part from the cotton (or cellulosic) part are developed but
still have scalability challenges (Matayeva & Biller, 2022). This chapter discusses
textile waste generation, recycling scopes, technologies, and challenges for the cir-
cular economy (Fig. 1).

Global Fibre Production: 2019

Other Plant Fibers
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m Other Synthetics
Man-made cellulosic
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M Other Plant Fibers
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Man-made cellulosic
6% Other Synthetics
6%

Fig. 1 Global fiber production, 2019 (Textile Exchange, 2020)
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3.1 Textile Waste Generation and Recycling Scopes

Textile wastes are generated in the form of fiber, yarn, and fabric from subsequent
production processes. Due to incomplete reporting, data on the amount of pre-
consumer waste generated from the textile—apparel industry are sparse. However, an
indication from the MacAurther Foundation (2017) can be obtained that reports
53 million tons of total fiber consumption in the global textile industry in 2015 of
which only 1% was recycled. The textile—apparel production chain consists of at
least four processing stages:

Spinning: It is the yarn manufacturing process that turns cotton into cotton yarns.
Spinning is a five-stage engineering process that comprises the blowroom, card-
ing, drawing, combing, and ring section. Cotton is cleaned, stretched, and twisted
in the subsequent stages turning it into a continuous web of yarn. The higher the
average staple length of cotton is, the higher the quality of the yarn is possible.
PET or other polymer-based fibers are manufactured in a different spinning pro-
cess: wet spinning or melt spinning. Polymer chips are melted and extruded
through spinnerets giving them a continuous filament form.

Weaving/knitting: This is the fabric manufacturing stage. Weaving and knitting
are two completely different production processes. Weaving looms are used to
interlace two sets of yarn in different orientations resulting in different construc-
tions of woven fabrics. Denim is one of the highest-produced woven fabrics
where one set of white yarn is interlaced with another set of indigo-dyed blue
yarns in a 2/1 twill construction. Knit fabric, on the other hand, is produced with
circular knitting machines where only one set of yarn is turned into fabric form
through inter-looping. Due to the inter-looping structure, the yarns are loosely
connected resulting in elastic properties in the fabric. Due to its dimensional
instability, the production of knitted fabrics is measured in weight units, whereas
woven fabric is measured in length units.

Dyeing—printing—finishing: This stage is termed wet processing as the greige
knit or woven fabric from the previous stage is treated with required chemicals,
regents, and dyes to impart desired color, properties, and hand-feel. The wet
processing stage is the most energy- and water-intensive process and creates the
most environmental hazards in the form of effluents. As a result, there is a grow-
ing need for sustainable and eco-friendly practices in the textile dyeing and print-
ing industry.

Apparel manufacturing: This is the final stage that involves assembling finished
fabric into apparel. Apparel manufacturing consists of the cutting, patternmak-
ing, sewing, and finishing process. Cut-fabric waste from the cutting section is
one of the biggest sources of textile solid waste. Excess production (stock lots),
unused fabric, and leftovers from the sewing section are the other sources
of wastes.

The schematic of solid waste from the textile—apparel production chain and recy-

cling is illustrated in Fig. 2.
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Fig. 2 Schematic of waste from textile-apparel production chain and recycling. (Author
generated)

The illustration represents the cotton textile waste recycling process in the tex-
tile—apparel production chain. The solid wastes generated from the subsequent pro-
cesses are fibers and fabrics that are damaged, rejected by the quality control team,
or excess to the production need. Fabrics that fail the color requirement tests during
the dyeing process are termed shady fabrics. Cutting waste from the apparel manu-
facturing stage is the largest source of fabric waste. The stock lots are the extra
development samples and additional production outputs. The recycling stage starts
with the sorting of the recyclable fiber and fabrics. Recyclable materials are sorted
according to color, pre-treatment used, and quality. After sorting and shredding of
the right quality of material, it is processed through a mechanical recycling system
and eventually re-fed to the spinning system to make recycled yarn. However, the
mechanical recycling process shortens the staple length of the recycled cotton fibers
which creates non-uniformity (Utebay et al., 2019). Hence, recycled cotton has
limitations for making finer count yarns. Recycled cotton is generally used to pro-
duce coarser count yarns that are mostly used in denim production. Finer count
yarns can be produced from recycled cotton after mixing it with new cotton fiber as
per count requirement. The internal recycling system of using waste material gener-
ated from the production stages as the feed material of the same production line is
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an effective way of closing the material loop in textile production. However, per-
taining to the loss of properties in cotton due to the mechanical recycling process,
not all materials can be reused in the production system. Those inferior quality
materials are downcycled (external recycling) to make inferior quality products
such as materials for carpets, stuffing for pillows and mattresses, blankets, and insu-
lation materials.

3.2 Technologies and Challenges

Recycling of cotton-made fabrics is a mechanical process. It is reported that the
quality of recycled cotton depends on the type of waste and its origin, and the deg-
radation of resultant apparel made from recycled fiber. However, studies on the
properties of recycled fiber are limited only to yarn production, and more studies are
required on how it affects the apparel quality (Utebay et al., 2019). The quality of
shredded fibers derived from waste materials is dependent on the inherent structure
of the waste and the applied finishing processes. In the context of cotton recycling,
a significant challenge pertains to the relatively inferior quality of the resulting
fibers. Consequently, it is critical to identify the key parameters that influence the
quality of the recycled fibers. To achieve superior clothing made from recycled
fibers, an understanding of the impact of waste properties on recycled fibers is
essential. The mechanical recycling technology of cotton textiles is in operation in
most textile-producing countries such as China, Bangladesh, and the European
Union. Though there are technological challenges, internal recycling of cotton tex-
tile waste is a big step toward a circular economy in textile production.

Recycling of polymer-based fibers or polymers (plastic waste) is a highly studied
area of research. PET accounts for 8% by weight and 12% by volume of global solid
waste, and the textile industry is one of the largest users of PET fibers (Atta et al.,
2006). Data on pre-consumer PET textile waste are limited. However, as PET is the
dominant fiber used in the textile industry, it can be inferred that most solid waste
generated from apparel factories is PET or PET mixed with cotton fiber. Notably,
100% polyester textiles are technically plastic products, and recycling involves con-
verting PET to its monomers. PET can be recycled practically by mechanical, ther-
mal, and chemical recycling methods, of which chemical recycling (chemolysis) is
the most successful method (George & Kurian, 2014). Recycled PET does not have
quality issues like recycled cotton, as they are converted to its constituent monomers
or oligomers. Hence, 100% internal recycling of PET is possible, and textiles are
extensively produced from recycled PET bottles (Majumdar et al., 2020).

Furthermore, the scope of external upcycling of PET is higher than that of cotton,
as plastics have diverse applications (Leonas, 2017). However, the challenge still
prevails for mixed fiber textiles. Multifiber apparels are outnumbering mono-fiber
ones due to their better properties and economic benefits, creating a big problem for
recycling. The practice is to hand-sort the blended garments into recyclable catego-
ries such as white cotton, colored cotton, or polyester fabric (Ishfaq, 2015). An
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advanced sorting technology like Fibersort claims to sort textiles based on composi-
tion (e.g., wool, cotton, nylon, and PET) and even color but can only process mono
materials (Harmsen et al., 2021). The latest innovation in separating cotton and
polyester from textiles is the enzyme-based solution. A “cocktail” of enzymes in a
mildly acidic solution is used to chop up cellulose in cotton, thereby separating
components (Egan et al., 2023). However, such technology is still developing and
requires further innovations to deploy it in an industry-level operation. Though
challenges pertain, recycling textile solid waste is essential to developing a circular
economy in the textile—apparel supply chain.

4 Opportunities of Recycling in Bangladesh Context

Bangladesh is a major textile and apparel manufacturing nation and the second-
largest exporter of ready-made garments globally (Swazan & Das, 2022). Over
5000 apparel companies in Bangladesh employ more than four million people, and
the RMG sector has emerged as the country’s leading industry, contributing more
than 10% of its GDP (Islam, 2021). According to the Bangladesh Textile Mills
Association, there are 433 yarn manufacturing mills, 828 fabric manufacturing fac-
tories, and 251 dyeing—printing—finishing mills in Bangladesh (BTMA, 2020).
Although the growth of the textile sector has significantly boosted the Bangladeshi
economy, growing textile solid waste is causing alarming environmental impacts
(Shamsuzzaman et al., 2023). Due to the huge amount of waste generated as a
byproduct of textile production, Bangladesh also becomes a key player in the textile
waste recycling industry (Saha et al., 2021). Only in the Narayonganj area (one of
Bangladesh’s prime locations of apparel industries), 120-125 tons of apparel waste
is generated daily (Alom, 2016). Apparel factories produce waste as selvages, end-
of-roll wastes, broken materials, and partially finished or finished apparel from
design to bulk production in those factories. Determining the amounts and fiber
composition of this waste is the prerequisite to utilizing it through recycling to
develop new products for clothing, furniture, vehicle, filtering, mattress, paper, and
other sectors (Dobilaite et al., 2017). Cotton yarn is the main raw material used in
Bangladesh to produce knitted and woven fabrics in the knitting and weaving indus-
try (Guha & Sadi, 2016). These factories generate unfinished fabrics, scrap yarn,
and fly fiber material wastes as a byproduct of different stages of weaving or knit-
ting. The dyeing, printing, and finishing industry produces rejected color fabric and
excess finished fabric as material waste (Khairul Akter et al., 2022). An average
apparel factory in Bangladesh can generate 250-300 kg of production leftover daily
as waste, costing 0.1-3 USD per kg, depending on the quality and size of the waste
(Islam & Khan, 2021). Bangladesh has a considerable underground market that
deals with “Stock lot” (excess inventory apparel) and “Jhut” (leftover yarn, fabric,
and cutting waste). Using unofficial practices, the traders purchase cutting waste or
stock lots from the clothing manufacturers often twice a year, in January/February
and October/November. The types of waste vary periodically and follow the local
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business’s product category, much like the fashion trend and market need. Although
it is an informal business, this market provides a good model of circularity. Figure 3
shows the traceability of Bangladesh’s post-industrial textile and apparel waste.
“Waste” generated from the export-oriented factories becomes the primary source
of raw materials for the informal local apparel factories that make cheaper clothing
for the domestic market. Moreover, the underground marketing of the jhut contrib-
utes to reducing the apparent environmental effect of textile waste (Khairul Akter
et al., 2022).

In the context of a cotton spinning mill, it generates blowroom droppings, like in
waste fiber, flat strips, carding waste, comber noil, sweeping wastes, hard waste,
roving ends, rejected yarn, excess production, gutter fly, and micro dust waste in
various processing stages, and they are highly heterogeneous. The cellulose content
of cotton wastes varies significantly based on its geography and the processes from
where it has been obtained. For example, cotton linter waste contains 99% cellulose
content (Ranjithkumar et al., 2022). The spinning mill’s waste is separated into two
categories: soft and hard waste. “Soft waste” refers to fibrous waste produced from
carding to the speed frame. Hard waste is defined as waste that cannot be reused.
This waste is generated in the winding and ring frame departments. This spinning
waste can be converted into value-added products by reclaiming fiber from soft
wastes or yarn and mechanically recycling it into open-end yarn. Even fiber from
yarn waste has better uniformity percentage and tensile strength than recycled fiber
from rags (waste of weaving). The authors suggest that this recycled yarn can be
used to produce higher-quality textile items such as denim and chino cloth for tow-
els and pants (Jamshaid et al., 2021). Like cotton, polyester, wool, silk, and other

-/s'&;\\
"

garments

Fig. 3 Traceability of post-industrial textile and apparel waste in Bangladesh (Khairul Akter
et al., 2022)
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textile fibers from woven, nonwoven and knit fabric waste can be recycled, but it
becomes challenging for composites when cotton and synthetic fiber are used simul-
taneously in yarn and fabric manufacturing. Choosing a particular recycling process
is difficult for blended fabrics as natural and man-made fibers have distinct proper-
ties and often require multiple techniques to separate them. (Rashid et al., 2023).
Ventura et al. created fiber-reinforced cementitious composite plates for the con-
struction and building sector using recycled fiber from textile waste. Unidirectional
fiber strands, meshes, woven textiles, or nonwoven fabrics are strongly recom-
mended for recycling for greater tensile and structural strength (Ventura et al.,
2022). Three case studies are presented here from Bangladesh, showing how the
recycling process takes place in the recycling factories transforming textile waste
into recycled fiber and yarn.

4.1 Case Study I—Mechanical Transformation
of Post-Industrial Textile Waste into Recycled Fibers

To convert textile waste into recycled fiber, mechanical transformation is the domi-
nant technology in the fiber recycling sector due to its low cost and environmentally
favorable (i.e., nearly no use of hazardous chemicals) operations (Yalcin-Enis et al.,
2019). Three essential phases are involved in the mechanical recycling of post-
industrial textile waste. Step 1 involves sorting the items that have been collected
through various means. Step 2 involves cutting the sorted material to a length
between 80 and 180 mm. After being shredded, the material is processed to create
recycled fiber in Step 3, which is used by the yarn producer to create a recycled yarn
with different blend ratios. The two main sources for collecting textile waste are
either local markets or available textile factories such as spinning, knitting, wet
processing, and apparel. In the following, the key steps are discussed in detail.

4.2 Sorting

The waste typically comes to a fiber recycling factory in bale form (Fig. 4a). Sorting
is the first step the fiber recycling factory takes after receiving the waste from the
local market. Although local waste vendors carry out some preliminary sorting,
fiber recycling plant still needs more sorting before manufacturing due to various
factors, such as less color homogeneity due to the mixture of different yarn and
fabric lots, and the presence of buttons, labels, and zippers (Fig. 4b)—a high degree
of sorting results in high-quality end products. After sorting, the materials are
exposed to UV light to ensure disinfection and detect the presence of OBA (Optical
Brightening Agent), especially for white cut pieces. Then the goods are passed
through the metal detection section to ensure that no metal or metal particles are
present in the material.
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Fig. 4 Different sections of the mechanical fiber recycling industry: (a) collection of waste from
available sources, (b) manual sorting and putting the pieces into the conveyor belt for cutting, (c)
manual checking of the size of cut pieces for the required length after cutting, (d) main shredding
operation to open fibres from fabric cut piece, (e) checking quality parameters of shredded fibers
and (f) ready fiber for spinning. (Author generated)
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4.3 Shredding

Shredding is a mechanical technique that reduces the post-industrial textile waste
fiber length through a series of production processes (Shen & Worrell, 2014a, b).
As the size uniformity of the cut-fabric waste is crucial for having the necessary
recycled fiber qualities and cut-fabric waste from textile and apparel production
consists of different sizes, cutting processes are applied to reduce the size of cut-
fabric panels as the first step of the shredding process. Cutting has been carried out
in two to three stages to achieve the highest level of size homogeneity consistently.
The length of the fabric pieces that both cutters can simultaneously cut ranges from
80 to 180 mm, depending on the design of the machine. Beyond these limits, the
machine may fail to cut the fabric to the desired size and malfunction. A post-
cutting manual size checking is applied to confirm that the correct cutting size is
attained (Fig. 4c). A conveyor belt then transports the cut pieces into a rotary tank,
where a small amount of softener (usually cationic types) and an anti-static agent
are added to ensure the smoothness of the shredding operation as well as to mini-
mize the risk of tearing the fibers and fire owing to vigorous pounding during the
subsequent process. The cut pieces are then placed in a designated receptacle to be
sent to the shredding process later. Then the cut pieces are delivered to the super
mixer through a special feeding system, chute feeding from the storage bin. The
purpose of the super mixer is to ensure smooth and homogeneous mixing so that the
shredding can produce fibers of homogeneous length. The material is then trans-
ferred to the shredding section, which is a single unit consisting of six to seven
cylindrical shredding rollers, depending on different machine brands (Fig. 4d).
A shredder consists of rotating blades driven by electric motors and a collection
bin at the bottom incorporating carding technology to open the fibers. The first four
rollers have comparatively long teeth, so they can do extensive shredding and then
be delivered to the rest of the rollers, which have gradually small saw-type blades
and open the fibers almost similar to its initial stage like in the virgin cotton bale.
Once the fibers are open, the frontmost roller delivers the opened fibers into a con-
veyor belt. This belt is linked to an automated bale-press machine and produces the
required bale of recycled fibers ready to use for yarn spinning. All the cut pieces
missed to catch by the roller teeth fall through the two rollers and are collected by the
bin below the rollers. Later, the pieces are returned to the super mixer to be prepared
for re-feeding into the shredding section.

4.3.1 Testing of Recycled Fibers

After delivery from the shredding section, several lab tests are carried out to ensure
that they meet the customers’ requirements. Various test of chemical and physical
properties are carried out on recycled fibers, such as average fiber length (Fig. 4e),
neps, fiber composition analysis, color fastness, pH, dye bleach, dyeability, and
toxicology.
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4.3.2 Final Product

The fiber composition can be 100% recycled cotton (Fig. 4f) or blended with virgin
or recycled polyester fibers. Regarding the product offer, it is possible to produce
several varieties of fibers, i.e., solid colors and mixed colors with prescribed ratios
to produce mélange effects. Solid colors are possible mostly on greige or bleached
fibers, which can be dyed to any desired color later. Mélange fibers do not need to
be dyed; with a prescribed ratio to mix with virgin fiber, they create the desired
mélange shades, which are comparatively more sustainable recycled fiber than
solid colors.

4.3.3 Limitations

As this industrial practice has enormous potential in terms of sustainability and
resource efficiency, it has some limitations, such as all kinds of terry and fleece
products that are heavier in structure (i.e., the average weight per square meter is
approximately 300 g or above) having polyester filament yarn inside are not suitable
for mechanical shredding. A similar result is also for the fabrics having polyamide
(i.e., elastane) inside the structure. During shredding, polyester and polyamide do
not open up as cotton but rather entangle with the rotating drum’s teeth and impede
production efficiency. Polyester and elastane are more suitable for chemical
recycling.

4.4 Case Study 2—Conversion of Recycled Fibers into Finer
Recycled Yarn (Ring Spinning)

Among the various industrial applications of the resulting recycled fibers from the
shredding process, the most widespread industrial application is to spin these recy-
cled fibers into yarn by mixing them with other available fibers (i.e., virgin cotton
and virgin/recycled polyester). As yarns are produced by the technology used to
create the final fabric, such as woven, knit, heavy knit (sweaters), and denim, the
diameter of the yarn is also developed specifically. Often, finer yarns are required
for most of the woven (except home textiles) and knit (except towels) items. Due to
product production technique and end use, heavier knits and denim typically require
coarser yarn (larger diameter). Ring spinning is the oldest technology to produce
high-quality finer yarn (Shen & Worrell, 2014a, b) ranging from 60 Ne (~10 Tex) to
30 Ne (~20 Tex), and also, to some extent, coarser yarn up to 20 Ne (~30 Tex).
However, a specific range of fiber length, 1.25-1.50 inches (Yin et al., 2021), is
required for the ring spinning process; otherwise, short fibers are removed and
turned into waste in the blowroom, carding, and combing process. Typically, short
fiber contents are 25-30% higher in recycled fibers compared with virgin cotton
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(Utebay et al., 2020); therefore, at present, ring spinning can produce yarn with a
maximum of 30% recycled fiber content ranging from 20 to 34 Ne.

4.4.1 Recycled Yarn Production Using Recycled Fiber
from Post-Industrial Fabric Cutting Waste

According to the GRS (GRS—global recycle standard is an international standard
that sets requirements for third-party certification of recycled content, social and
environmental practices, and chemical restrictions) guideline, a yarn must include
at least 20% recycled fibers by weight throughout the mixing process to be labeled
“Recycled” (GRS, 2020). As mentioned earlier, the ring spinning process can han-
dle recycled fiber in the mix up to 30% by weight, which will reduce the average
length of the fibers and may result in frequent breakage during the production of
slivers and yarn. Depending on the specifications of the final consumer, the remain-
ing 70% could be either 100% virgin cotton, a blend of virgin cotton and virgin
polyester, or virgin cotton and recycled polyester. Any mix of recycled fiber would
increase hairiness, resulting in more pilling in the final products.

The mixing of recycled fiber with any virgin fiber would take place in the blow-
room. During the blowroom and carding processes, along with other foreign materi-
als, such as dust, leaves, and seeds, a small portion of the short recycled fibers is
removed, decreasing the recycled fiber percentage relative to the initial mixing
(Fig. 5a, b). Combing is not usually used for yarn with recycled fiber mix, as the
process will remove a significant portion of the recycled fibers, eventually decreas-
ing overall recycled fiber percentages. For this reason, GRS approved the yarn as
“carded” and labeled it as such. Carded slivers are then delivered to the roving
frame to impart a slight twist through the rotating flyers and create a bobbin of rov-
ing slivers to feed to the ring spinning machine. Then necessary twist is imparted by
the ring spinning machine to generate the desired yarn between 20 and 34 Ne.

4.4.2 Recycled Yarn Production Using Recycled Fiber
from Spinning Waste

Waste produced by various spinning processes is another source of recycled fibers
(Fig. 5¢). Dust, leaves, seeds, and a small amount of short fibers (approximately
6—8%, depending on the cleaning roller setting parameters) are removed during the
blowroom and carding processes. However, short fibers removed during the carding
process—often referred to as “noil”—are mostly used to produce recycled yarn due
to their superior cleanliness and longer fiber length compared with blowroom waste
materials. The combing procedure, however, is the main source of recycled fibers as
the process removed higher percentages (approximately 8—10%, depending on the
combing rollers setting parameters) of short yarn to produce superior quality yarn.
Wasted and leftover yarn and slivers from yarn manufacturing processes are another
source of recycled fibers. Particularly, auto-cone machines (approximately 1-1.5%
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Fig. 5 Fiber recovery process from a different section of the spinning industry: (a) collection of
waste from blowroom and carding process, (b) carding “Noil,” (¢) collection of leftover and
rejected slivers and yarn, (d) feeding the spinning waste into the shredding machine, (e) shredding
machine for spinning waste (i.e., noil, rejected slivers and yarns), and (f) recycled fibers after the
shredding of spinning waste. (Author generated)

depending on the “cut length” setting parameters) and vortex spinning generate a lot
of waste yarn (approximately 6-8% during auto splicing) that is shredded and used
as recycled fibers (Fig. 5d). Spinning manufacturers occasionally buy rejected and
leftover yarn from various knitting and weaving production facilities and mix it with
waste yarn while shredding to boost the volume of recovered fibers. Due to higher
fiber length and fiber uniformity, recycled yarn from spinning waste has some
advantages over post-industrial fabric cutting waste. Another benefit is that the per-
centage of recycled fibers can reach up to 40%, while the remaining 60% could be



Recycling Practices of Pre-Consumer Waste Generated from Textile Industry 317

either 100% virgin cotton, a blend of virgin cotton and virgin polyester, or virgin
cotton and recycled polyester.

4.4.3 Laboratory Testing

Following yarn manufacture, several physical tests are carried out in the in-house
lab, such as fiber length, mass variation, hairiness, thick and thin places, and neps to
ensure that the end user’s needs are fully met. The in-house laboratory does not
conduct any chemical tests, but final customers occasionally verify the product’s
fiber content and toxicology before exporting it to the target countries.

4.4.4 Limitations

Even though ring spinning has numerous advantages over other spinning tech-
niques, it has several drawbacks when producing recycled yarn. For instance, the
amount of recycled fiber removed during the blowroom and carding processes can-
not be accurately measured, leaving the amount of recycled fiber in the finished yarn
unknown. Additionally, using more than 30% of recycled fiber is not possible.

4.5 Case Study: 3—Conversion of Recycled Fibers into
Coarser Recycled Yarn (Rotor Spinning)

As indicated in Case Study 2, recycled fibers are used in ring spinning to create finer
yarn, which is required to manufacture knit and woven fabrics. However, the amount
of recovered fiber used in ring spinning is restricted to a maximum of 40%. On the
other hand, heavy knits (sweaters and jeans) have a great demand for coarser yarn
(6-24 Ne). To address this demand, rotor spinning is extensively employed as an alter-
native to ring spinning, which is unsuitable for production in this range. Another ben-
efit of rotor spinning is that it can utilize up to 95% recycled fiber in a specific mixture,
ensuring the greatest usage of recycled fibers and a significant step toward circularity.

4.5.1 Shredding

There is no need for a particular shredding method for rotor spinning. Similar shred-
ding procedures are used as they are for ring and fiber recycling. On the other hand,
rotor spinning is designed to accomplish spinning with relatively short fibers com-
pared with ring spinning. Thus, it can produce yarn from fibers made from a fabric
cut piece length of 50 mm compared with ring spinning, which requires at least
80 mm and above.
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4.5.2 Fiber Mixing and Blending

Fiber mixing and blending take place in the blowroom, similar to the ring spinning.
The blending is done in a machine called “blendomat,” placed before the blowroom
(Fig. 6b). To produce a coarser count from 6 to 10 Ne, the percentages of recycled
fiber can be up to 95%, which can be used in heavy-knit products. The remaining
amount can be virgin cotton or polyester, sometimes recycled polyester to increase
circularity. In most cases, these recycled polyester are outsourced, as most cotton
spinning mills are not well-equipped to manufacture recycled polyester fibers from
PET (polyethylene terephthalate) bottles. Combining organic cotton and regener-
ated cellulose, such as viscose and Tencel, is also feasible, usually sourced from
China, India, and others (Fig. 6a).

4.5.3 Manufacturing of Rotor Yarn

Similar operations are carried out in blowroom and carding (Fig. 6¢) for rotor spin-
ning, as explained in Case Study 2. However, in rotor spinning, blowroom and card-
ing opening and cleaning rollers are set to prevent the removal of short fibers on a
significant scale (i.e., not more than 6-8% of the initial weight). As usual, the comb-
ing process is skipped. In addition to the spinning method, rotor spinning and ring
spinning have different process routes. Compared with ring spinning, which requires
roving after carding, rotor spinning does not. Carded slivers (Fig. 6d) are transferred
directly to the rotor spinning machine, which makes yarns by adding the necessary
twist (Fig. 6e).

Similar to the fiber recycling manufacturing unit, the rotor spinning unit features
at least four distinct color-based production lines to prevent unintended color mix-
ing. Another purpose is to shorten the time required to clean the machinery after the
color changeover resulting in more production time. These four colors are typically
grouped according to market demand. Black, greige (white), blue, and mélange are
the top four colors in market demand.

4.5.4 Manufacturing of Heavy Knit (Sweater) Yarn

For the production of recycled yarn for woven, knit, and denim, there is no need for
doubling operations, but for heavy knit (sweater), the doubling operation is neces-
sary. Doubling is a unique procedure in which two yarns are joined and twisted
together to make a single yarn so that the finished sweater items become flappier
and more insulated (Fig. 6f). Double yarn is used in sweater knitting machines with
a finer gauge (GG 10 to GG 14) to produce yarn of 16/2 Ne to Ne 30/2 Ne count. In
some cases, instead of using doubled yarn, more ply of yarn are used to make the
fabric more flappy, especially when using a coarser gauge sweater knitting machine
(GG 3 to GG 7), which requires yarn counts from 6 to 10 Ne.
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Fig. 6 Different sections of rotor spinning industry: (a) collection of recycled polyester and
organic cotton fiber for mixing, (b) Blendomat, (¢) carding machine for rotor spinning to handle
short fibers, (d) carded slivers, (e) rotor spinning machine, and (f) doubling and twisting of sweater
yarn. (Author generated)



320 A. K. Azad et al.

After the yarn is produced, numerous physical tests are carried out in the lab,
such as mass variation, hairiness, thick and thin place, and neps, to ensure that the
end user’s requirements are fully respected. Although the final customer occasion-
ally checks the fiber content and toxicology before exporting to the destination
counties, the in-house laboratory does not conduct chemical tests.

4.5.5 Prototype Fabric Production (Sweater)

As heavy knit manufacturers (sweaters) are the primary customers for rotor yarn, the
firm has prototype automatic sweater manufacturing machines to test the feasibility
and efficacy of the produced yarns. A center specifically dedicated to studying differ-
ent sweater knitting structures with recycled yarn is sometimes available. Its goal is
to provide clients with recycled yarn and offer attractive, trendy sweater designs.

4.5.6 Circular Economy in Bangladesh Textile Supply Chain

Post-industrial textile waste represents the textile—apparel manufacturing part of the
entire textile supply chain. The circular economy in the textile—apparel manufactur-
ing chain in Bangladesh perspective encompasses the entire formal manufacturing
factories to the informal markets trading the textile wastes and the formal textile
recycling factories. Establishing the textile waste recycling strategy in Bangladesh
can mitigate the environmental burden of textile waste, supporting sustainable prac-
tices in the long run in textile production. Recycling and reusing textiles could
reduce the production and consumption of virgin materials, which would be positive
for the environment (Sandin & Peters, 2018). Bangladesh has 100% export-oriented
apparel factories and does not sell the products directly to the consumer, having a
huge opportunity to co-create a CE model where factories are ready to look for
circularity in their business (Uddin, 2018). The textile and apparel sector has long
practiced recycling and material reuse. There are many benefits to it, including the
availability of the raw materials needed to create new products, new employment
opportunities, a reduction in waste and the use of natural resources, the need for less
energy to produce virgin goods, the prevention of global warming and water pollu-
tion, the preservation of wildlife, and economic benefits (Uyanik, 2019).

Waste recycling in the textile sector greatly impacts Bangladesh’s economy in
terms of employment generation. Many people are engaged in textile and apparel
waste recycling activities for their income. If the textile and apparel waste are recy-
cled nationally in Bangladesh, the industry’s revenue may increase by USD 4 bil-
lion, adding to the economy and generating new job possibilities (Ahmed et al.,
2022). Two forms of apparel waste processing stores are currently prevailing in
Bangladesh. The small shops contain three to five workers, allocating a monthly
salary of 25-30 USD, processing 3-3.5 tons of waste monthly. Large businesses
employ 10-15 people paying 35-60 USD monthly to process 10—15 tons of waste
monthly. The waste processed here is woven, net, and shirting fabric pricing
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0.25-2.5 USD/kg depending on the waste’s size and quality, while the recycled
fiber’s selling price is 0.4-3.5 USD/kg (Quazi, 2017). A study reports that Filotex
Ltd. is the first factory in Bangladesh to work with the “Circular Fashion” imple-
menting the recycling concept (Team, 2018). Simco Spinning and Textiles Ltd. in
Bangladesh has been recycling 200 tons of textile waste each month for the last
3 years. It produces yarn from discarded cotton clips. It uses 95% recycled fiber
instead of virgin fiber (fresh or unused fiber) in production. Simco collects textile
waste for a specific buyer to recycle and then upcycles (reuses) it into raw materials
(Jui, 2022). After background analysis and considering the current state, it is pre-
dictable that, with proper infrastructure, stakeholder collaboration (Saha et al.,
2021), and policies (Hartley et al., 2020), Bangladesh can harness the potential of
textile material recycling as a sustainable solution for managing textile waste and
promoting CE in the textile supply chain.

4.5.7 Conclusion

Recycling pre-consumer and post-consumer waste has enormous potential, yet
implementing waste recycling poses a unique set of challenges. The increasing con-
sumption of fibers, increasing demand for fiber mix, often more than two fibers,
increasing use of performance finishes, and color pellet used in different seasons all
create a scenario that is difficult for processing further. The second challenge
remains for the collection of textiles and sorting these various mixes in subsequent
recycling processes. However, various technological breakthroughs appeared in
various parts of the world, although this is still a long way to go. On the other hand,
chemical recycling of synthetic fibers or their mixtures based on textiles has yet to
be in the mainstream. The third challenge is more future-oriented, as what will hap-
pen to the recycling of recycled textiles. In recent studies, it has been found that
garments made of recycled fibers are more responsible for microplastic pollution
than that of virgin fibers. The final challenge remains due to the nature of business,
which, in many countries, is not straightforward and may be due to policy issues or
the stakeholders involved in the waste supply chain. As a result, the transparency of
these waste generation, collection, and subsequent business operations remained
clandestine. It is expected that, with an increasing focus on the circular textile sup-
ply chain, these challenges could be overcome in a short period to build a sustain-
able textile sector.
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