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ABSTRACT
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With the upcoming EU directive and the recent Finnish waste legislation it has become nec-
essary to find ways to collect, sort and recycle textile waste. Textile waste is now collected na-
tionwide in Finland, with reusable items directed to second hand sales, and non-reusable waste
directed into recycling centres. Two mechanical opening lines were opened in Paimio in 2021
with a shared theoretical opening rate of 50 tonnes of fibre per year. While the theoretical recy-
cling rate is high, the problem arises with the poor reputation of recycled fibres on the textile
market. It has been reported that fibres should have a certain tenacity and length to suit the yarn
production needs. Telavalue is a Business Finland (BF) project that aims to create value for the
textile waste and offer solutions for circularity of the textile economy. The project is coordinated
by VTT, LAB University of Applied Sciences and Turku University of Applied Sciences and exe-
cuted in partnership with other research centres, companies, and other organisations. The com-
mercial actors in the textile industry are interested in the quality of recycled fibres for future textile
solutions. This study aims to show the value in fibre-to-fibre recycling and in mechanically opened
(MO) fibres further processed into yarn by staple fibre spinning.

This study utilises both quantitative and qualitative methods to characterise six different types
of MO cotton fibres: PRE-KNIT, PRE-WOVEN, POST-B2B, POST-n, POST-s and POST-ea. The
cotton types include both pre- and post-consumer derived fibres. Pre-consumer fibres are ob-
tained from garment production of knitwear (KNIT) and denim (WOVEN). The post-consumer
textiles are collected from workwear companies (B2B) and from municipal waste collection with
either neutral (n) sorting and opening, softener (s) used in the opening, or with up to 10% elastane
(ea) and other fibres allowed in sorting. A reference of 100% virgin cotton, REF-CO, was used.
The fibres were obtained from a fibre collection belonging to the Telavalue BF.

In general, the results showed shortened fibre lengths for the mechanically opened fibres.
While the REF-CO average length was calculated to be 18.8 millimetres, the longest mechanically
opened fibres were 25-27 mm long. The shortest fibre contents were established for the sample
PRE-KNIT, with average length of 8.6 mm. Although the fibre lengths were weak, the fibre uni-
formity indexes (UI) of the MO fibres were from 54 to 59% and the Ul of REF-CO was 64%. The
PRE-WOVEN and POST-B2B were made up of a greater content of long fibres than the other
MO samples. The linear densities were near equal to the values of REF-CO. Tenacities at break
were generally greater for post-consumer samples than any other samples. POST-ea was found
with greatest elongation at break and PRE-KNIT with the weakest. The surfaces of the fibres were
inspected with scanning electron microscopy (SEM). The inspection showed some damaging of
the MO fibres. However, this damage was sparse and only visible on individual fibres. Additionally,
a 50-year-old bedsheet was hand-opened into fibres to look out for surface wear. There was some
surface opening on those fibres, as well as on some post-consumer fibres. Moreover, the post-
consumer samples were dirtier than REF-CO or the pre-consumer samples. SEM imaging re-
vealed other fibres than cotton in the samples. Furthermore, a Fourier transform infrared spec-
troscopy (FT-IR) and differential scanning calorimetry (DSC) were applied to investigate the com-
position of the cotton qualities. It was discovered that alongside REF-CO, PRE-KNIT and PRE-
WOVEN did not have any melting points between 0 to 300 °C whereas all post-consumer samples
showed peaks. A cross-examination with FT-IR hinted that the post-consumer samples include
e.g., polyester, which is a common fibre in denim garments.

A discussion of a classification of mechanically opened cotton fibres is included as a result of
the experimental work. The multiple factors affecting MO fibre properties make it challenging to
draw conclusions without neglecting some properties.

Keywords: mechanical opening, opened fibres, recycled fibres, post-consumer textile waste
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Tulevan EU-direktiivin ja Suomen uuden jatelainsdadannon myoéta on tullut tarpeelliseksi 10y-
taa keinoja tekstiilijatteen keraamiseen, lajitteluun ja kierratykseen. Tekstiilijatettd keratdan nyt
valtakunnallisesti Suomessa. Kayttokelpoiset tekstiilit ohjataan kaytetyn tavaran myyntiin ja kayt-
t66n kelpaamattomat tekstiilit kierratykseen. Paimioon avattiin vuonna 2021 kaksi mekaanista
kuidunavauslinjastoa, joiden jaettu teoreettinen kapasiteetti on 50 tonnia avattua kuitua vuo-
dessa. Vaikka teoreettinen avauskapasiteetti on korkea, ongelmaksi nousee kierratyskuitujen
huono maine tekstiilimarkkinoilla. Aiemmin on raportoitu, ettéd kuiduilla tulisi olla tietty lujuus ja
pituus, jotta ne sopivat langankehraykseen. Telavalue on Business Finlandin (BF) hanke, jonka
tavoitteena on luoda lisaarvoa tekstiilijatteelle ja tarjota ratkaisuja tekstiilien kiertotalouteen. Han-
ketta koordinoivat VTT, LAB-ammattikorkeakoulu ja Turku AMK, ja se toteutetaan yhteistydssa
yritysten, muiden tutkimuskeskusten ja organisaatioiden kanssa. Tekstiiliteollisuuden kaupalliset
toimijat ovat kiinnostuneita kierratyskuitujen laadusta tulevaisuuden tekstiiliratkaisuissa. Taman
tutkimuksen tavoitteena on lisata arvoa kuitukierratykselle ja mekaanisesti avattujen (MO; mecha-
nical opening) kuitujen jatkojalostukselle.

Tassa tutkimuksessa on karakterisoitu seka laadullisin ettd maarallisin menetelmin kuusi eri-
laista MO-puuvillakuitulaatua: PRE-KNIT, PRE-WOVEN, POST-B2B, POST-n, POST-s ja POST-
ea. Puuvillalaatuihin siséaltyy seka tuotantovaiheesta (pre-consumer) etta kulutusjatteesta (post-
consumer) keratysta tekstiilijatteesta saatuja kuituja. Kulutusjatteesta saadut kuitulaadut on saatu
tybvaatteista (B2B), ja yhdyskuntajatteen kerayksesta joko neutraalein (n) lajittelu- ja avausme-
netelmin keratyista ja avatuista, pehmentimen (s; softener) avulla avatuista, ja jopa 10 % elastaa-
nia (ea) sisaltavista avatuista tekstiileista. Vertailuun on kaytetty 100 % neitseellistd puuvillanay-
tettd, REF-CO. Kuidut on saatu Telavalue BF:an kuitukokoelmasta.

Yleisesti ottaen tulokset osoittivat MO-kuitujen olevan lyhyempid kuin vertailunaytteen kuitu-
jen. Kun REF-CO:n keskipituus oli 18,8 mm painon mukaan laskettuna, pisimmat mekaanisesti
avatut kuidut olivat 25-27 mm pitkid. Lyhyimmat kuitupitoisuudet maaritettin PRE-KNIT-nayt-
teelle, jonka keskipituus oli 8,6 mm. Vaikka naiden kuitujen pituudet olivat lyhyita, MO-kuitujen
yhtenaisyysindeksit (Ul; uniformity index) olivat 54—59 % ja REF-CO:n Ul oli 64 %. PRE-WOVEN-
ja POST-B2B-naytteet sisalsivat enemman pitkia kuituja kuin muut MO-kuidut. MO-kuitujen pi-
tuusmassat olivat liki samansuuruisia kuin REF-CO:n pituusmassa. Kulutusjatteesta saatujen kui-
tujen murtolujuudet olivat yleisesti suurempia kuin muiden naytteiden. POST-ea-naytteiden mur-
tovenyma oli suurin, ja PRE-KNIT-naytteiden heikoin. Kuitujen pinnat tarkastettiin pyyhkaisyelekt-
ronimikroskoopilla (SEM). Koe osoitti vaurioita MO-kuiduissa. Vauriot olivat kuitenkin vahaisia ja
nakyvissa vain yksittaisissa kuiduissa. Lisdksi 50-vuotias puuvillalakana avattiin kdsin kuiduiksi
pinnan kulumisen tarkastelemiseksi. Naissa kuiduissa, samoin kuin joissakin kulutusjatteesta
saaduissa kuiduissa, oli ndkyvissa kuidun pinnan avautumista. Lisaksi kulutusjatteestd saadut
kuidut olivat likaisempia kuin muut kuidut. SEM-kuvauksessa naytteista 10ytyi muitakin kuituja
kuin puuvillaa. Fourier-muunnosinfrapunaspektroskopiaa (FT-IR) ja differentiaalista pyyhkaisyka-
lorimetriaa (DSC) kaytettiin puuvillalaatujen morfologian tutkimiseen. Havaittiin, ettd REF-CO:n
ohella PRE-KNIT- ja PRE-WOVEN-kuiduilla ei ollut sulamispisteita tarkasteluvalilla 0-300 °C, kun
taas kaikissa kulutusjatteesta saaduista naytteissa oli sulamispiikkeja. FT-IR-tulokset varmistivat,
etta kulutusjatteesta saaduissa naytteissa voisi olla mm. polyesteria.

Kokeellisen tydn perusteella tuloksien arviointiin sisaltyy pohdintaa MO-kuitujen mahdollisesta
luokittelumenetelmasta. MO-kuitujen ominaisuuksiin vaikuttaa moni tekija, minka takia kattavan
luokittelumenetelméan takaaminen on vaikeaa.

Avainsanat: mekaaninen avaus, avatut kuidut, kierratyskuidut, kulutusjatetekstiili
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POPULAR SCIENTIFIC SUMMARY

Textiles are made to be used, and clothing is made to be worn. The growing demand for
textiles has, however, lead to the piling up of used, non-reusable clothing on landfills,
and left society searching for ways to minimize the negative effects of over-consumption.
Sales of second-hand clothing have established their status on the market, and now the

research is focusing on ways to recycle the garments that cannot be reused.

January 2025 marks the start of an EU-wide, separate collection of textile waste as it is
to slow down the rate of textile material going to waste and divert it into recycling. The
current methods for recycling of textiles can principally be listed under chemical, biolog-
ical, thermo-mechanical and mechanical methods. The waste to be recycled can be ob-
tained from both consumers in the form of e.g., a worn-out t-shirt (post-consumer textile
waste) or from the industry in the form of e.g., scraps from garment cutting (pre-consumer

textile waste).

This report digs into fibre-to-fibre recycling with mechanical methods. Fibre-to-fibre recy-
cling is a recycling method that values the textile. The collected textile waste is turned
into a new textile product, such as yarn or further into a garment. Fibre-to-fibre recycling
can be executed with the principal recycling methods, but mechanical recycling is the
method that gives a new fibre as an output material without chemical modifications of
the material. Mechanical recycling methods consist of the textile waste being fed into the
opening line and shredding it into smaller pieces, and further into new, mechanically
opened fibres. It has been estimated that a fibre-to-fibre recycled yarn is the most valu-

able end-product of the mechanical recycling industry.

Be that as it may, the mechanically opened fibres suffer from a poor reputation in the
market. Their length and strength are observed to reduce in the mechanical opening
process, thus making it more difficult to spin yarn with properties required for weaving or
knitting. There has recently been research about the properties of such mechanically
opened fibres and yarn spun using them. This report reviews some of those papers that
study the properties of mechanically opened cotton. The general result is that mechani-
cally opened cotton fibres should be blended with virgin fibres to obtain yarns better
suited for their end-purpose. Nevertheless, there have been research utilizing 100% me-
chanically recycled cotton, suggesting there is value in mechanical fibre-to-fibre recy-

cling.



This report consists of a literature review of the recent research and an experimental part
characterising the properties of selected mechanically opened cotton fibres. The se-
lected mechanically opened cotton fibres are obtained from both pre- and post-consumer
textile waste and are opened on different opening lines. The experimental part of this
report shows the reduced length of mechanically opened cotton fibres. The mechanical
properties are observed to be similar to those of virgin cotton, and the fibre surface is
perceived to inhibit little to no change caused by mechanical opening. The compositions
of the mechanically opened fibres are observed to be 100% cotton for the pre-consumer
cottons, whereas some deviating values are observed for the post-consumer cottons

suggesting the composition is other than 100% cotton.

The chemical composition identification methods are observed to work well in defining
the different compositions of the cotton qualities, although no information about the quan-
tified contents can be given. The methods for measuring length and mechanical proper-
ties are time-consuming and give little value to characterisation. However, differences
can be seen in the lengths and length uniformities between pre- and post-consumer cot-
tons. As a general result, it can be observed that the mechanically opened fibres ob-
tained from pre-consumer waste are cleaner and more homogenous than post-consumer

fibres.
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1. INTRODUCTION

In 2019, 40 thousand tonnes of textile were discarded from private households in Fin-
land. This number is based on the approximations made by comparing the total amount
of mixed waste and their average composition. During 2019, when the data was col-
lected, there was no separate textile collection, and all discarded textile was diverted into
incineration. According to the same study, approximately 131 thousand tonnes of textiles
were in use in Finland the same year. This number is derived from the statistical data
related to the tracking numbers of textile parcels moving in and out of Finland. The do-
mestic use in Finland is calculated by adding up the import and the domestic sales of

textiles and removing the weight of the export textiles. (Dahlbo et al. 2021)

Globally the textile fibre production was at 113 million tonnes in 2021 (Textile Exchange
2022), and it is estimated that 5.4 million tonnes of textiles entered the European market
in 2019 (Trzepacz et al. 2023). While approximately 1.7 to 2.1 million tonnes of post-
consumer textiles are collected separately yearly in Europe, it is estimated that the out-
standing 3 million tonnes are discarded in household waste (Kdéhler et al. 2021), partly
due to the lack of functional collection systems. A directive concerning the collection of
some previously not affected waste types, including textiles, to be organized by munici-
palities came into effect on the 15! of January 2023 in Finland (Ymparistoministeric 2022)
and is set to come into effect EU-wide on the 1%t of January 2025 according to Directive
(EU) 2018/851 of the European Parliament and of the Council'. One of the aims of the
directive is to reduce the amount of textile waste ending up in the landfills by redirecting
it. The directives suggest additional progress is necessary in the textile collection, sorting
and recycling technologies. The directives highlight the significance of reuse and recy-

cling of materials in general.

In line with the waste collection directive, Trzepacz et al. (2023) review that by 2030 the
amount of collected textile waste could be as high as 9 million tons per year in Europe.
According to a study conducted in Sweden (Ostlund et al. 2015) the textile industry is

expected to offer a viable collection system of textiles by then, but the challenge remains

" Directive (EU) 2018/851 of the European Parliament and of the Council of 30 May 2018
amending Directive 2008/98/EC on waste (Text with EEA relevance). (OJ L 150, 14.6.2018, pp.
109-140)



in the unpredictability of the future. Textile Exchange (2022) estimate the global fibre
market to expand to a yearly production of 149 million tonnes by 2030 with production of
polyester increasing more rapidly than production of any other fibre quality. Trzepacz et
al. (2023) review that the mandatory textile waste collection will in all probability increase
the supply of textiles but ultimately worsen the quality of textiles that are suitable for
reuse or recycling. Collection is one step towards circularity, but processing and finally

recycling the waste after the collection has been carried out are other critical steps.

There are several ways of approaching the recycling of textiles. Kahoush and Kadi
(2022) establish four main methods with which textile waste can be recycled: i) pre-con-
sumer textiles, such as production scraps, used to make products with same value as
the waste material initially is, ii) mechanical opening and recycling of post-consumer tex-
tile to produce fibres, iii) chemical recycling of post-consumer textiles through depoly-
merisation in order to achieve monomers or polymers, and finally iv) energy recovery.
On the other hand, Harmsen, Scheffer and Bos (2021) divide the recycling methods into
i) mechanical, i) physical and iii) chemical methods, but the physical recycling methods
are also often called thermomechanical recycling (Heikkila et al. 2023). Furthermore, the
R strategies (refuse — reduce — reuse — recycle — recover) are a well-known concept
aiming to decrease the amount of waste. Even this allows room for a misconception. In
second hand markets, a reused piece of clothing may be perceived as “recycled” by
some consumers. In addition, as opposed to the division described by Kahoush and Kadi
(2022), energy recovery is its own R strategy that does not fall under recycling. There-
fore, recycling can be seen as an umbrella of different concepts. The many possibilities
of classifying the recycling methods is one of the challenges facing the textile industry,
as the previous life of the recycled product can be of significance for both the businesses
and the consumers. Ultimately, recycling is the use of material from one thing trans-

formed into the raw materials of another.

1.1 Problem description

Mechanical recycling of textiles involves the waste collection, mechanical opening of the
fibres and the use of the opened fibres in for example spinning into new yarns with no
use of chemicals. Extracting a fibre from a textile product and using it in a new textile
product is closed loop recycling, and called fibre-to-fibre recycling, or sometimes textile-
to-textile recycling. Fibre-to-fibre recycling involves a staple fibre as the main object of
the recycling. The problems associated with the mechanical opening include but are not
limited to the difficult sourcing of often heterogeneous raw material and limitations of
technologies. (Heikkila et al. 2023; Lu et al. 2022)



Riemens, Lemieux, Lamouri and Garnier (2021) found that the small number of available
technologies for textile-to-textile methods is the main hinder for it to succeed. The study
highlights the lack of viable technologies for closed loop recycling. Often the mechani-
cally recycled fibres become parts of nonwovens or other composites (Riemens et al.
2021) and mechanically recycled cotton is often used in other, lower value products,
such as insulation and blankets (Utebay, Celik and Cay 2019). Moreover, Utebay, Celik
and Cay (2019) report that while there have been several research on recycling polyes-
ter, there is need for cotton recycling research. Fibre-to-fibre recycling is all about not
losing value on the process, and therefore it is important to utilise the whole mechanically
opened (MO) fibre. Riemens et al. (2021) also observe the demand for more automated
systems for sorting, claiming that the current shortcomings of manual sorting lie in the
reliability. According to a study conducted in the Netherlands (Wilting & van Duijn 2020),
up to 41 % of blend material labels are incorrect. This adds to the problem of heteroge-
neity of the raw material, as well as to the unreliability of the obtained fibre and its prop-
erties. Moreover, MO fibres have often been identified weaker and shorter than virgin
fibres due to the stresses of mechanical opening (Kahoush & Kadi 2022; Kamppuri et al.
2019a). Tenacity and length have been claimed some of the most important prerequisites

for a successful yarn spinning (Kamppuri et al. 2019a).

This paper contributes to the aspects of mechanical recycling, and namely fibre-to-fibre
recycling of cotton. Heikkila et al. (2023) raise the question of how mechanical fibre-to-
fibre recycling could be implemented best knowing impurities of textile waste and unpre-
dictable quality of output fibres. They report that the heterogeneity of the textile waste,
difficult sourcing and finally the restrictions of current recycling methods are the chal-
lenges that need to be overcome to achieve both an economically and an environmen-

tally sustainable fibre-to-fibre recycling industry.

1.2 Telavalue

Telavalue is a Business Finland funded project that aims to establish “value chains for
sustainable production, use and cycles of Textiles” (Telaketju 2023). The project is exe-
cuted partly as public research and partly as independent projects for specific compa-
nies. The project is coordinated by VTT, LAB University of Applied Sciences and Turku
University of Applied Sciences and conducted in close partnership with other research
institutes and companies working in the textile field. This report aims to offer more infor-
mation for one of the main objectives of the public research, namely to “ensure efficient
textile material circulation via recycling of different kinds of discarded textiles from house-

holds as well as companies including also technical textiles” (Telaketju 2023).



The textile materials used for this work are obtained from partners in the Telavalue con-
sortium. Three of the post-consumer samples are obtained from Lounais-Suomen jéte-
huolto (LSJH) — the local municipality waste management company in South-west Fin-
land. LSJH opened their mechanical textile opening line in 2021 in the same building as
Rester, a commercial company working in the same product field (LSJH 2021b). For
comparison, one of the textile materials studied in this report is obtained from Rester.
The other two mechanically opened fibre materials are obtained from Pure Waste and
Citeve (Technological centre for textile and clothing of Portugal). Citeve also provided

the reference cotton used in the experiments.

The LSJH opening line was recently sold to Rester (LSJH 2023). LSJH will continue to
collect and sort raw material for various recycling solutions, while Rester will invest in
engineering the processes and MO fibre quality. The mechanical opening lines of the
two companies are different, as they were manufactured for their specific purposes: one
for opening post-consumer textile waste from consumers, and one from companies. The
shared theoretical opening capacity of the two opening lines is 50 tonnes per year but

this is observed relatively high considering the actual opening capacity at the facility?.

1.3 Research questions and expected contribution

The research questions discussed in this report are shown in Table 1.1. The report dis-
cusses the properties of MO cotton and aims to offer a point of view in understanding
their place in the textile market. The properties such as average fibre length, breaking
tenacity, elongation, and linear density are researched quantitatively, whereas SEM im-
aging, DSC and FT-IR offer a qualitative picture of the MO cotton fibres. The analysing
methods used for fibre testing are looked at from the perspective of recycled fibres. Fur-
thermore, the feasibility of using MO cotton fibres in yarn spinning and the spinning pa-

rameters are weighed up.

Table 1.1: The research questions.
Can mechanically opened (MQ) fibres be characterised?
Can the characterisation of MO fibres give valuable information about their properties?
How can the fibre composition of mechanically opened fibres be established?
Does the mechanical opening damage the fibre surface?
Are the mechanically opened fibres suitable for yarn spinning?

How can the fibre length of mechanically opened fibres be improved?

2 Anna Garton, LSJH. Personal communication over e-mail, 29t of August 2023.



1.4 Limitations

While the report aims to offer a broad characterisation of the selected samples, the qual-
ity of the acquired MO fibre is different from day to day, depending on many variables
such as where the waste was collected, what the waste was, what settings were used
on the opening line and how many rounds of shredding the fibre went through. While it
is only assumed that the quality between batches of opened fibres varies, it is unclear
how much the quality varies. It needs to be noted that the samples used in these exper-
iments are rather small and obtained from one batch each, so even the quantitative re-
sults speak more for a possibility than universal results. It is therefore difficult to presume
the researched properties apply for every batch of the respective fibre types. A question
remains also whether universally applicable conclusions could be drawn even if results

were obtained from several bales in several batches.

The characterisation of MO fibres may prove inefficient or even impossible with the
standard methods. For example, the American standard for fibre length measurement
by photoelectric measurement (ASTM D1447-07) states that the method is “applicable
to fibers taken from raw or partially processed cotton or some types of cotton waste, but
not to fibers from blends of cotton with other fibers or to fibers recovered from cotton
yarns or fabrics”. Moreover, Utebay, Celik and Cay (2023) studied the properties of dark
MO cotton and discovered it could not be measured for its length using an optical method
due to the colour. In this report, the length is measured manually adjusting the American
standard (ASTM D1440-07). The limitations of the methods regarding fibres obtained
from waste are not only a hinder for this report, but for the whole industry of recycled

fibres.

The literature in the given research is still limited, and therefore any results presented in
this report are often non-comparable to results that already exist. However, new research
is being published all the time. As the textile industry are now trying to find solutions to
the sometimes poor quality of MO fibres, new questions will be presented in the future;
how will the second mechanical opening of a once-recycled garment affect the fibre qual-
ity, how will the collection of textile waste affect the recycling rates and textile waste

quality, and what fibre will make up the majority of textile waste in 10, 20, or 30 years?



2. THEORETICAL BACKGROUND

The textile businesses involved in the Telavalue project were asked about their prefer-
ences of material qualities the mechanically reclaimed fibres should exhibit. On top of
that, some material properties can be seen as the basic material requirements for further
processing of the fibres. Those properties include the fibre length, tensile strength and
the degree of fibre opening. The fibre properties are often described to deteriorate during

mechanical recycling, as opposed to chemical recycling (Wang & Salmon 2022).

The first end-of-life textile refinement plant was opened in Finland in 2021 for mechanical
recycling of textile waste. It is estimated that the plant can recycle up to 10 % of the
Finnish textile waste stream (LSJH 2021b), which is a direct sign there is a need for more
effective recycling manners, more capacity to take over and therefore more market share
available in the industry. Some of the recycled fibre market is taken up by chemical re-
cycling, with industrial scale development just during the recent years. The world’s first
industrially scaled fibre-to-pulp facility opened in Sweden in 2021. The facility is respon-
sible for the manufacturing of Renewcell and has the permit to recycle 60 000 tons of
textile annually (Valmet 2021). For the time being, there is no effective waste collection
system in Sweden, and the company is importing its raw material from for example Asia
(Vetenskapsradion Klotet 2023). The solutions to the problem of obtaining raw material
are currently being considered at EU level, where new separate waste collection laws
regarding textile waste will come into effect on the 1%t of January in 2025, as stated in
the article 12, point (b) in Directive (EU) 2018/851 of the European Parliament and of the
Council of 30 May 2018 amending Directive 2008/98/EC on waste?. Still, problems in
textile material collection and recycling are caused by many factors, including unreliable
material tags (Wilting & van Duijn 2020), blend materials (Kahoush & Kadi 2022), and

the use of undesirable, unrecyclable materials (European Commission 2022).

30J L 150, 14.6.2018, p. 129



aste collection

F)'gure 2.1: A schematic illustration of mechanical fibre-to-fibre recycling: collec-
tion of textiles, sorting, mechanical opening and yarn spinning.

Figure 2.1 shows the characteristic steps of mechanical fibre-to-fibre recycling and the

typical products along the production chain. This report focuses on the fibre product and

the feasibility of turning it into yarn using mechanical technologies. Mechanical recycling

for cotton can be defined as follows:

Mechanical recycling of waste cotton involves decomposition or
crushing of waste cotton through mechanical actions, such as open-
ing, spinning, weaving, and other physical approaches, without af-
fecting or modifying the native chemical structure, and then reusing
the recycled cotton for fibers, yarns, fabrics or nonwovens. The fol-
lowing products, such as blended yarns and composite reinforce-
ments, can be obtained through the mechanical recycling of waste
cotton. (Lu et al. 2022)

According to a study conducted in Sweden (Ostlund et al. 2015, p.47) one of the main
challenges for the broader implementation of mechanical recycling of fibres lie within the
clothing design sector i.e., the clothes are not designed to be recycled. The study sug-
gests that the use of mono-materials and easily removable metal parts are key factors in
making fibre-to-fibre recycling economically viable. Similarly, a study conducted by Rie-
mens et al. (2021) found the “lack of eco-design” to be the main reason hindering the
textile-to-textile recycling. The EU has reported the lack of design for quality, longevity,
and recyclability alongside the linear economy and its “low rates of use, reuse, repair
and fibre-to-fibre recycling of textiles” to have negative environmental effects (European
Commission 2022). Regarding the use of blends versus mono-materials, Kahoush and
Kadi (2022) point out the incomplete knowledge concerning the separation of cotton and
polyester fibres from one another in a blend, although the said blend is the most common

textile fibre blend. This chapter gives insight to the mechanical opening processes, the



fibre requirements for different types of spinning and the problematics of current me-
chanical recycling processes, and possible solutions for more effective and economically
viable recycling. Some of the recent research literature is briefly introduced in this chap-

ter and analysed in greater depth in chapter 3. Literature Review.

2.1 Mechanical opening of fibres

In theory, mechanical recycling can be used for all kinds of collected textile waste, in-
cluding fibre blends. Mechanical opening is the act of loosening the fabric structure and
tearing it down to fibre level. The new textile fibres can then be spun into new yarn, given
some requirements. Ostlund et al. (2015) estimate that fibre-to-fibre recycled yarn is the
most valuable end-product in the mechanical recycling industry. The disadvantages of
mechanical recycling are the shortened fibre length and the often unknown composition
of post-consumer textiles especially (Heikkild et al. 2023, Riemens et al. 2021). These
properties make the spinning of new yarn more unpredictable and more difficult to opti-

mize.

Chapter 2.1.1 Sorting presents the current sorting mechanisms used in the industry, and
chapter 2.1.2 LSJH mechanical opening line presents the mechanical opening line at the
Lounais-Suomen jétehuolto refinement facility. The process is a summary of what is de-
scribed by LSJH in their media (LSJH 2021a) and personal communication with LSJH.
Ostlund et al. (2015, p. 31) estimated earlier that mechanical recycling will remain a niche
sector in textile recycling, unless the design steps, consumers’ attitudes and the effec-
tivity of the recycling processes change. They estimated that fibre-to-fibre recycling will

be economically viable first in 2030 if these changes apply.

2.1.1 Sorting

The sorting of the incoming textile waste is the first step in maintaining the quality of the
fibre. The sorting can be done manually or automatically and by colour, by fibre contents,
by garment type etc. This chapter presents some of the common identification methods

used in material identification.

Wang and Salmon (2022) report the use of infrared (IRS) and near-infrared (NIRS) spec-
troscopy methods, Fourier-Transform infrared Spectroscopy (FT-IR), and colour detect-
ing cameras in the recent years. One of the NIRS-based sorting methods is the sorting
line developed by LAB University of Applied Sciences, REISKAtex (Cura & Rintala 2019;
Cura, Rintala, Kamppuri, Saarimaki & Heikkila 2021). The NIR spectroscopy is a non-

destructive identifying method that does not require sample preparation. Cura et al.



(2021) found that the identification problems with NIRS are related to the thin or loose
structures of some fabrics, thick structures, and some dark colourants, which make it

difficult for the NIR sensor to correctly identify the composition of the fabric.

FT-IR is a type of a non-destructive infrared identification method. There are three main
types of FT-IR techniques i.e., transmission-FT-IR, attenuated total reflectance (ATR-
FT-IR) and reflectance (r-FT-IR). Transmission FT-IR measurements are made by letting
the IR light to pass through the material where some of it is absorbed, and the light
transmission is detected by a sensor on the other side, so transmittance or absorbance
of the material can be calculated. ATR-FT-IR applies a technology where the sample is
placed on a crystal, and the IR light is aimed through the crystal to the sample, then the
sample absorbs some of the IR light and the IR light is directed again through the crystal
to the sensor. Disadvantageously, ATR-FT-IR can only detect the first layers of the sam-
ple surface against the crystal. The sensor in r-FT-IR measures the IR light reflected off
the sample, unlike the other two methods where the sensor measures the IR light trans-

mission through the sample. (Bruker 2023)

Peets, Kaupmees, Vahur and Leito (2019) discuss the use of r-FT-IR in identifying textile
fibres, comparing it to ATR-FT-IR and ATR-FT-IR microspectrometer. They conclude
what is similarly disadvantageous for many of the FT-IR technologies; the samples can
only be examined at the surface level which is dependent on having clean fibre surface
without additives or dirt. The study excessively lists the differences in ATR-FT-IR, ATR-
FT-IR microspectrometer and r-FT-IR with regards to different sample types. The study
reports that for example elastane proved difficult sample to examine given its distorted
spectrum due to the sample size often being smaller than the measured area. However,
the study found that the r-FT-IR is a more accurate method in telling apart the different

amide-based textile fibres than the other two methods. (Peets et al. 2019)

The world’s first large-scale automatic sorting line, Siptex, was developed and built in
Sweden, in Malmd. The sorting line was the result of Siptex project, A Vinnova funded
project that was led by the Swedish research institute /VL Svenska Miljbinstitutet and
partnered Swedish brands such as IKEA, H&M, Stadium and Renewcell. The sorting is
based on NIRS technology as well as visual spectroscopy. The sorting line is 260 meters
long in total and has the potential of sorting 4.5 tons of textile per hour (24 000 tons per
year). The sorting line is nowadays owned by Sysav, a municipally owned waste collec-

tion and recycling organisation. (Sysav 2023)
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Fibersort is another commercial scale sorting line developed in a joint project by Valvan
in Belgium and Circle Economy in the Netherlands. It was the first commercially offered
sorting line when it was developed. The sorting line relies on NIRS and RGB camera
technologies. Fibersort can sort six different types of textile fibres correctly: wool, cotton,
polyester, viscose, acrylic and nylon. The RGB camera can sort the incoming garments
or fabrics by precise colour or single vs. multi-colour. The data library is computed with
the help of the care labels, and the line is guaranteed to recognise the material 82-96 %
correctly according to its care label. The sorting line can sort garments with the speed of

1 garment per second. (Fibersort 2023, Kamppuri et al. 2019b)

At the LSJH sorting facility there is an automatic sorting device based on NIR technology,
but the staff at the sorting facility tells that manual sorting is faster and thus a more ef-
fective method*. The sorting at the LSJH centre is done often according to the material
contents or the structure type of the garments, e.g., cotton, linen, wool, cellulosic mate-
rials, polyester, denim and knitted. The sorting can be customised for example by colour,
to exclude elastane or to exclude hard parts. Figure 2.2 shows sorted textiles at the LSJH
storage. The LSJH fibre product portfolio consists of cellulose mixes, synthetic mixes,

knitted, denim, cotton, black cotton, wool, linen, and polyester. (LSJH 2022)

== 3

Figure 2. : Sorted and baled extiles at the LSJH storage.

2.1.2 LSJH mechanical opening line

The textile material arrives to the LSJH opening line after sorting and possible storing.
The textile is fed onto the opening line manually, after which the material is led through
two guillotines on a conveyor belt. The guillotines are placed in cross-machine direction,
and a 90° turn of the textile ensures that the fabrics are cut in two respective directions

4 Personal communication with the LSJH sorting personnel. Paimio, 26" April 2023.
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and the remaining pieces are as small as possible. The blades are made of titanium so
they will not break even if they hit metal buttons, but they will cut through plastic zippers.
Buttons, zippers etc. are separated after the guillotine by suction: the lighter fabric pieces
move along the line through a tube, while the heavier details will not be sucked up and
will fall in a container. Figure 2.3 shows the two guillotines at the start of the opening line
(left) and some hard parts and heavier pieces that are removed from the opening line by

gravity after the guillotines (right).

Figure 2.3: The guillotines at the start of the LSJH opening line (left). The tex-
tile material is transported through the guillotines and cut in two directions. Hard
parts and heavier textile scraps are removed from the opening line after the guil-

lotine (right).

After the cutting, the pieces move on a mixing chamber, where other recycled fibres can
be added into the fibre mix. The main task of the mixing chamber alongside fibre blending
is to loosen up the shredded textile and prepare it for opening. The fibres are then led
through the first opening rollers during a so-called pre-opening. The parameters for the
opening of the textile materials can be altered to better suit the requirements of further
processing. For example, the LSJH samples studied in this report are opened with a re-
spinning setting, but other settings (e.g., nonwoven suitable opening) are available. After
the pre-opening, the fibres can be collected into a drum, where a softener may be ap-
plied. According to the staff at the facility®, water is a common softener that both eases
the opening, but also removes the conductivity in synthetic fibre opening. The fibres may
also be removed from the opening line if the desired quality is reached. Often during the
pre-opening, fine fibre i.e., dust-like fibre, is collected in the cyclonic separators (LSJH
2021a).

5 Personal communication with the LSJH opening line personnel. Paimio, 26" April 2023.
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The fibres are then continuing their journey onto the main tearing line that consists of
four cylinders. Figure 2.4 shows the main opening line at the LSJH refinement centre.
The shredded fabric pieces are pulled apart due to the pressure between the rollers.
After complete opening, the fibres are moved onto the automatic baling area for baling,
after which the product is ready to be used in for example yarn spinning or web forming

for nonwoven products.

Figure 2.4: The main opening line at the LSJH refinement centre. At the front,
the vertical intake of material, and at the back, the horizontal cylinder line.
The opening line at LSJH in Paimio is manufactured according to its purpose: opening
the variation of post-consumer textile waste collected municipally from households na-
tionwide. The opening line would have looked different if it was designed exclusively for
opening of cotton fibres, or for opening fibres for re-spinning, etc. The number of opening
cylinders is an example of a mechanical factor that should be taken into consideration
when designing the opening line and its desired output, as some materials require more
and some fewer shredding cylinders. On top of the number of cylinders, the speed of the
opening line can be altered to provide for rougher or gentler opening. Moreover, the

quality of the input material affects the quality of the output fibre greatly.®”

6 Miira Ojanen, LSJH. Paimio, 26t April 2023
7 Anna Garton, LSJH. Personal communication over e-mail, 29" of August 2023.
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2.2 Key fibre properties for spinning

Spinning using recycled yarns has been reported successful with both open-end spin-
ning (Gun & Oner 2019) and ring-spinning (Arafat & Uddin 2022), although the literature
is strongly focused on blending reclaimed material with virgin fibres, especially cotton or
polyester (Utebay, Celik & Cay 2023). While Lu et al. (2022) claim that the short fibre
length and poor mechanical properties make it impossible to spin yarns with only me-
chanically recycled cotton waste, Lindstrédm, Sjoblom, Persson and Kadi (2020) found a
way to use lubricated MO fibres in a 100% recycled rotor-spun yarn. Jamshaid, Hussain,
Mishra, Tichy and Muller (2021) claim that it is possible to make yarn out of 100% re-
claimed or recycled materials and use it in e.g., towels and denim fabrics. However, their
study is based on utilizing cotton waste from both mechanically opened rags and yarns
and industrial side streams already in fibre form, such as yarn spinning process waste.
This means that while the cotton lost in processing can be classified as “waste”, it is not
recycled, but virgin cotton. This chapter and the report are focused on utilizing the MO
cotton fibres in yarn solutions, but it should be noted that the literature is focused on
creating value for MO fibres through blending with virgin fibres, yet there is value in uti-
lizing the fibre waste. Kamppuri et al. (2019a) report that fibre length, fibre fineness and
fibre tenacity are the most important factors in open-end spinning. The frictional behav-
iour of the waste textile is also important, as friction has been detected to affect the
occurrence of neps and shortening of the fibre length during mechanical opening (Arafat
& Uddin 2022). Moreover, Wang and Salmon (2022) report that only fibres at least or
longer than 13 millimetres can be taken advantage of in staple fibre yarn spinning. This

chapter presents the most mentioned fibre properties required for spinning.

2.2.1 Fibre length and fibre fineness

Fibre length is one of the most crucial aspects of a staple fibre. It dictates the fibre’s
suitability for yarn spinning and the yarn strength and elongation (Jamshaid et al. 2021).
Sayeed et al. (2021) report that a high short fibre content (SFC) has a negative impact
on the manufacturing methods of textiles, at least for raw cotton, and Jamshaid et al.
(2021) report that while longer fibres offer better technical performance, even fibre uni-
formity should be considered: when short fibre content increases, so does the yarn irreg-
ularity. Heikkila et al. (2023) report that ring spinning fibres should favourably be over 45
millimetres long, and that for open-end spinning 25-26 millimetres long fibres are consid-

ered good.
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The common methods for fibre length measurement are different manually executed
methods and automated, optical methods. The methods are often designed to be used
with longer fibres, as the sample sizes are standardised for typical virgin fibres. Similarly,
the machines used for the quality control of virgin fibres may often not be suitable for
fibres that have been processed before; Utebay, Celik and Cay (2019) used Textechnos
Length Control Tester (LCT) to study the lengths of recycled fibres but had to consider
that the machine can successfully process only greige cotton fibres. The fibres in sec-
ondary use are often dyed, which means similar machines are inadequate in the future.
In a later experiment by Utebay, Celik and Cay (2023), they reported the use of optical

systems for length measurements did not work for their dark-coloured recycled fibres.

High-volume Instrumentation (HVI) is used to measure some key properties in raw cot-
ton. Those properties include e.g., the micronaire, fibre length and fibre length distribu-
tion, trash content and short fibre content of the fibre sample (Morton & Hearle 2008, pp.
82-83), but the HVI method or machinery does not consider the length variation in the
shorter fibres (Sayyed et al. 2021). Instead, the HVI often describes only the longer pop-
ulation of the fibres with the parameters upper half mean length (UHML) and uniformity
index (Ul) (Sayyed et al. 2021). The advantages of the HVI method are its rapidness and
fully computerised analysis (Morton & Hearle 2008, p. 159), but the method is created
for raw cotton and therefore it has been reported that the testing of other colours than
grey cotton fibres is difficult or impossible (Arafat & Uddin 2022). However, Arafat and
Uddin (2022) report testing of recycled, colour fibres successful with the Uster Advanced
Fibre Information System (AFIS). The AFIS is a fibre fineness testing method that can
scan individual fibres and determine their fibre lengths (Morton & Hearle 2008, p. 161).

Sayeed et al. (2021) review that the high SFC negatively affects the yarn tenacity, yarn
fineness and the yarn manufacturing options. The problems related to high SFC are not
just related to MO cotton, but for virgin cotton as well. Sayeed et al. (2021) propose the
cotton industry should have a reliable method for quantifying the short fibre contents of

raw cotton for improvement of economic value.

There are varying results of how the waste textile quality affects the obtained fibre. Ar-
onsson and Persson (2020) found that the looser, coarser yarns are easier to detangle
and therefore allow for a better mean length and yield of fibres. Ostlund et al. (2015)
found somewhat similarly, that looser structures were easier to detangle. However, they
suggested that the difference was between the knitwear and woven structures rather

than the yarn structure. Utebay, Celik and Cay (2019) found that the number of shredding
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passages, shred size and the pre-treatments of the recycled cotton played important

roles in the reclaimed fibre quality.

As described earlier, ring spinning is a challenge for the short fibres. Therefore, rotor
spinning, and other open-end spinning technologies are to favour with short staple fibres.
Spatafora and Schwippl (2020) have reported a rotor spinning method more suitable for
a high SFC. While the classical process involves a blowroom followed by carding and
two draw frame passages before the rotor spinning itself, two alternative processes are
introduced; either a single draw frame passage (shortened process) or a drawing module
attached to the carding machine and no separate draw frame passage at all (direct pro-
cess). The direct process is found to be more effective for a high SFC as often short
fibres are more prone to package build-ups in the sliver with every draft. While the direct
process benefits the spinning of a high SFC yarn, the excessive parallelisation caused
by several drafts may result in drafting faults for the low SFC content, too. The adhesive
strength of the sliver was the same or better for all the tested fibre blends with the direct
mode as it was with the classical process. Even the 100 % cotton with low/no SFC lost
some of its adhesive strength with the second drawing. Spatafora and Schwippl (2020)
found that with up to 50 % SFC, a classical process may be used as it provides a more
even sliver. However, a higher SFC fibre benefits from the direct process as it provides
more strength than a classical process does. They also found that if the SFC is more
than 65 % a direct process must be used as the adhesive strength of the fibre web is too
low with the classical and shortened processes, and therefore spinning proves ineffective

or results in uneven yarns.

Textile Ecxhange, a global non-profit organisation that controls and supervises the use
of standards such as Recycled Claim Standard (RCS) and Global Recycled Standard
(GRS) has released a guide to the recycling standards. The guide states that the RCS
and GRS standards cannot be granted to products that are made up of fibres with staple
lengths longer than 25 millimetres, or of yarn with a yarn count higher than 40 Ne, as the
high values cannot be substantiated with knowledge of the limitations of the modern me-
chanical recycling technologies. Moreover, the Textile Exchange guide rules that no
combed types of Vortex or rotor spun yarn can be granted the RCS or GRS standards,
as those types of yarns are listed “not possible to make” with recycled fibres. (Textile
Exchange 2021)
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2.2.2 Fibre tenacity and degree of polymerisation

Degree of polymerisation (DP) is the number of the repeating monomers in the polymer
chain, and its value is directly related to the strength of the fibre (Albertsson, Edlund,
Odelius 2012). The DP does not change during mechanical opening, and it can only be
altered with chemical treatment. Wang and Salmon (2022) review that for a virgin cotton,
the DP is between 9000 and 15000, and that for cotton waste or cotton textiles after
industrial laundering the DP is 3500 or lower, before mechanical recycling. Palme,
Idstrém, Nordstierna and Brelid (2014) report that the DP is shortened due to the alkaline
detergents used in industrial laundering, causing the polymer chains to break. They sug-
gest that even if longer fibre lengths can be obtained in mechanical opening, the yarns

made of those fibres suffer from the shortened DP and therefore exhibit low strengths.

2.2.3 Degree of opening

A textile technology report by Rieter (Schwippl 2020) suggests a phenomenon or a
measurable characteristic called degree of opening as one of the main factors influenc-
ing a successful recycling. The degree of fabric opening or the of the fibre opening could
be calculated to help evaluating the quality of the MO fibres. The degree of fabric opening
(DFO) is calculated as shown in Equation 1.1:

input fabric — output fabric

DFO = 1009 Equation 1.1
input fabric * % (Equation 1.1)

It is suggested that the optimal value for the degree of fabric opening is 98%. The Rieter
report continues to elaborate why the degree of fibre opening is also important: yarns
that are opened into fibres in the mechanical processing are suitable for staple fibre yarn
spinning. The efficiency of the fibre opening (EFO) can be calculated as shown in Equa-
tion 1.2:

raw material — nonopened fibres — fibre fragments

EFO = - *100% (Equation 1.2)
raw material

The suggested EFO to be obtained in the future is 70%. The testing was found to be
applicable by using a ‘Shirley’ test device. (Schwippl 2020)

2.2.4 Frictional behaviour

The friction between the fibres is a problem causing factor in mechanical recycling. The

mechanical opening causes the fibres to be spun into a bundle where fibres are tangled
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upon each other and exposed to frictional forces that cause the loss of longer fibres
(Lindstrom et al. 2020). Lindstrom et al. (2020) studied the effect of a lubricant in en-

hancing the parallel alignment of the fibres thus decreasing the frictional cohesion.

Arafat and Uddin (2022) produced yarns with varying contents of MO fibres and found
that the neps increase in with increasing MO fibre content. They estimate this is due to
the different surface properties, namely the frictional property of dyed fibres compared
to those of virgin cotton fibres. The frictional property of dyed fibres increases the likeli-
hood of neps and short fibre content (Arafat & Uddin 2022). Likewise, Utebay, Celik and
Cay (2019) report that SFC is increased in dyed fabrics.

2.3 Future for mechanically opened fibres

The nature of cotton sets its own boundaries for processing. While synthetic fibres can
be engineered and shaped to fit the exact needs of the processes and the end-user,
different quality control methods are necessary for cotton and other natural fibres. Syn-
thetic fibres are different from manufacturer to another, but cotton, for instance, can be
different from one plant to the other besides it. Given the already varying qualities of
virgin cotton, recycled cotton increases the variation. Chapter 2.3.7 Fibre classification
elaborates the fibre classification for cotton and bring attention to the lack of it recycled
fibres, and chapter 2.3.2 Change towards eco-design reviews the eco-design questions

related to the possibilities of mechanical opening lines.

2.3.1 Fibre classification

When it comes to mechanical properties such as length, fibre uniformity and fibre
strength, virgin cotton has widely standardised measuring and classification systems
(Cotton Incorporated 2021). Moreover, cotton qualities are sold under market names
such as Sea Island cotton, Egyptian cotton, Pima cotton and American Upland Long
Staple cotton, names that refer to the growing place or the quality of the respective fibres.
The classification of which fibre length is considered “long”, how high a certain uniformity
is, and what strength makes a “strong” fibre gives the fibres invisible value on the fibre
market. For an economically viable future for the mechanically opened fibres and other
recycled fibres, a classification method should be developed. While the classification of
virgin cotton is conventionally based on the mechanical properties, the absence of a

classification for recycled fibres allows for freedom in designing one.

Moreover, Harmsen, Scheffer and Bos (2021) mention there is no classification of textile

recycling methods. Textile recycling processes are often classified according to the used
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processes, i.e., mechanical recycling, thermo-mechanical recycling, and chemical recy-
cling (Heikkila et al. 2023). However, a question can be raised whether the classification
of any recycling method should be done according to its processes or its end-products.
Harmsen, Scheffer and Bos (2021) suggest the recycled fibres be allocated according to
their chemical components instead of the conventional classification between natural
and artificial and their respective sub-classes. The reasoning behind this is that fibres
with the same chemical groups and bonds often share similar properties and therefore
could be processed together. The study presents a division of the raw material according
to the essential linkages, namely: cellulose, ester amide, urethane, alkane, and acrylo-
nitrile (Harmsen, Scheffer & Bos 2021).

2.3.2 Change towards eco-design

Riemens et al. (2021) conducted a thorough empirical study about the disruptors of tex-
tile recycling. The study was conducted with a so-called Delphi-Régnier method, where
a questionnaire was sent to the respondents, whereafter the questionnaire was refined
according to the obtained answers and more concise information could be obtained. The
questionnaire consisted of statements regarding the hinders of textile recycling, and the
respondents indicated their agreement vs. disagreement to the statements with a colour
scheme. The study found that the respondents shared a high consensus (82 %) that the
industry lacks eco-design ignoring the end-of-life processes. Other main factors identi-
fied for a slow progress in textile recycling were the presence of material blends and hard

parts (zippers etc.) in clothing. (Riemens et al. 2021)

As described earlier in chapter 2.1.1 Sorting, the sorting methods in Paimio rely strongly
on manual labour. The problems with textile waste collected from households are related
to the textile market focus on polyester, cotton and their blends (Wang & Salmon 2022,
Textile Exchange 2022), the difficulty in recycling the components of blends separately
(Kahoush & Kadi 2022), the sometimes-poor quality of the collected clothing, and the
care labels that are possibly not as accurate as thought (Wilting & van Duijn 2020).
Firstly, these aspects cause difficulty in manual sorting, and secondly, the quality of the

retrieved fibre is unpredictable.

Wilting and van Duijn (2020) studied and compared the care labels and the material
composition of 7454 pieces of clothing. The composition was established with the help
of NIR and with a reasonable error margin it was compared to the composition provided

in the care label. They found that 41% of all the garments had a label that did not match
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the real composition, and that the error was greater in blends than it was in pure compo-
sitions. Care labels claiming a 100 % cotton composition were inaccurate at approxi-
mately 25 % of the times. On the contrary, cotton and polyester blends were accurate in
less than 25 % of the cases. The researchers discuss several causes for the inaccurate
labels and claim it might be due to both accidents and intentional behaviour: while the
complex supply chains of textile production are identified as reasons for unintentional
mistakes, aim for profit connotated with natural fibres could be a reason a garment care
label shows a higher percentage of e.g., cotton than its actual contents. (Wilting & van
Duijn 2020)

The concept of comparing the NIR identification to what is stated on the care label can
work for some fibre compositions and be more debatable for others. Regulation (EU) No
1007/2011 of the European Parliament and of the Council of 27 September 2011 on
textile fibre names and related labelling and marking of the fibre composition of textile
products®, in accordance with the SFS standard (SFS 4876), states that a description of
“100 %” may only be used when the whole product is made up of one fibre type, and no
active blending of other fibres is performed. Moreover, for example embroidery made
with another fibre type, that is up to 7 % of the total weight of the final product is allowed
on 100 % mono-fibre products. For blends the standard for reporting of used fibres is
different; all blended fibres need to be listed with their percentage shares in a decreasing
order, unless the percentage of one fibre type is maximum 5 % or the sum of their weight
is up to 15 %, if the actual weight percentages of these fibres are difficult to control during
textile production. Moreover, the SFS standard (SFS 4876) was published in 2000, when
it was declared that for textile products that had no fibres with at least 85 % weight share
only the two most used fibres with their percentages had to be disclosed, while the other

percentages were voluntary.

Lu et al. (2022) suggest that using the dyed textile waste for the market advantage can
also prove successful from the environmental point of view, when the dyes will not have
to be bleached out. Utebay, Celik and Cay (2023) report that blending of recycled fibres
with virgin fibres in spinning often produce a mélange yarn that can be of value in the
knitting industry and knitted garments. They also highlight the positive effect of recycled

fibres already exhibiting a colour, and therefore no dye processes are necessary.

8 Regulation (EU) No 1007/2011 of the European Parliament and of the Council of 27 Sep-
tember 2011 on textile fibre names and related labelling and marking of the fibre composition of
textile products and repealing Council Directive 73/44/EEC and Directives 96/73/EC and
2008/121/EC of the European Parliament and of the Council Text with EEA relevance. (OJ L 272,
18.10.2011, pp. 1-64)



20

Arafat and Uddin (2022) suggest the cost for producing a yarn made of 10-30 % MO
fibres could be up to 8.5 % cheaper than virgin fibre yarn production, and that the fibre
cost could be up to 21.4 % smaller. Their calculations are based on the raw material
costs of the US cotton market, and the ring-spun yarn production. It has also been re-
ported that the cost of blended yarn i.e., produced with virgin and recycled fibres, can be
up to 33.5 % smaller than for 100% virgin fibres (Wanassi et al. 2016 se Lu et al. 2022).
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3. LITERATURE REVIEW

This chapter discovers some of the recent research regarding MO fibres and yarns spun
from them. Chapter 3.7 Fibre length of mechanically opened fibres and its subchapters
review studies on fibre length of MO fibres and the factors affecting it. Chapter 3.2 Fibre
fineness and tenacity of mechanically opened fibres briefly reviews some studies regard-
ing fineness and tenacity results, although the research in this area is still scarce. Chap-
ter 3.3 Yarn from recycled fibres presents some results obtained by several studies
where yarns were spun using MO fibres. There is an increasing trend in the literature
regarding the mechanical fibre-to-fibre recycling. The studies are often conducted in dif-
ferent units and therefore Table 3.1 provides the most common conversions between

the different tenacity units mentioned in this chapter.

Table 3.1: A conversion table of the most used tenacity units for fibres and

yarns.
g/tex g/dtex g/den cN/tex
gltex = 1 g g cN
[dtex] *10 [den] *9 [E] *1.02
= t g
glatex lo/tex] L o) *09 | []%0102
/den = [g/tex] 10 1 cN
9 3 [g/dtex] * 5 [a] *0.113
cN/tex = [g/tex] Lg/dtex] [g/den] 1
1.02 0.102 0.113

3.1 Fibre length of mechanically opened fibres

Fibres obtained from textile waste are usually 10 — 25 millimetres long (Esteve-Turrillas
& de la Guardia 2017 se Lu et al. 2022), while for example virgin cotton fibres are avail-
able between 13 and 50 millimetres, and synthetic fibres are available in any desired
length as a staple fibre or a filament (Morton & Hearle 2008, p. 134). Virgin cotton fibres
shorter than 25 millimetres are widely replaced with longer varieties (Morton & Hearle,
p. 135). As noted earlier, Textile Exchange only permits their RCS and GRS standards
to be used for MO fibres shorter than 25 millimetres, as they claim it is not possible to
obtain fibres longer than that by shredding textile waste (Textile Exchange 2021). Their

standard is set for maximum length of 18 millimetres for post-consumer denim waste.
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Utebay, Celik and Cay (2019) studied the effect of mechanical opening on fibre length of
pre-consumer knitted cotton waste. They sorted the different knits according to the fabric
structure i.e., interlock or single-jersey, and whether they were dyed or not, but also con-
trolled the size of the pieces fed into shredding and how many shredding passages the
pieces went through. They found that the SFC in the dyed cottons were high (18-28 %)

and only researched the fibre lengths of the untreated fabrics.

Arafat and Uddin (2022) characterized virgin cotton, pre-consumer cotton waste and
post-consumer cotton waste with an AFIS Pro-2. They found that the UQL was shorter,
and likewise the SFC was higher for the MO fibres than the other fibre types. They esti-
mated the UQL of virgin cotton at 28.3 cm and the SFC at 10 %. The UQL values for pre-
and post-consumer textile fibres were 22.2 cm and 18.9 cm respectively, and the SFC’s
were established at 35 % and 45 %. (Arafat & Uddin 2022)

3.1.1 Short fibre content

Thibodeaux, Senter, Knowlton, Mcalister and Cui (2008a) studied the accuracy of three
different methods for measuring SFC in cotton bale samples with 5 % to 25 % SFC. Their
results suggest that the Suter-Webb array method is the most accurate method providing
with the most differentiation between the bales, while HVI and AFIS give greatly related
measurements and results. According to the study, these relations can be used to esti-
mate the SFC in the samples with good proximity thus proving the tedious Suter-Webb
array method ineffective compared to HVI and AFIS. The methods were explored with

bales of virgin cotton. (Thibodeaux et al. 2008a)

Thibodeaux, Senter, Knowlton, Mcalister and Cui (2008b) also studied the effect of SFC
on the quality of ring-spun yarns. They found that an increasing SFC has a correlation
with the yarn tensile strength, the number of yarn thick and thin spots and the coefficient
of variation (c¢,) of yarn mass. Their results suggest that an increase from 8 % SFC to 14

% SFC can lower the tensile strength of the yarn by 10 %.

Utebay, Celik and Cay (2019) studied mechanical opening and the properties of MO
fibres. They found that when smaller sizes were shredded the waste ratio i.e., SFC, in-
creased. It was also observed, that the SFC decreased when the number of shredding
passages was increased. Furthermore, they review that the dyed fibres had increased
SFC compared to the undyed fibres. In their study, it was concluded that at least three
shredding passages for larger pieces of greige cotton provide the least waste ratio suit-

able for spinning processes. (Utebay, Celik and Cay 2019)
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3.1.2 Improving fibre length

A study by Aronsson and Persson (2020) found that knitted structure suffers more from
the mechanical opening than denim structures. They manually deconstructed rather
worn and barely worn cotton t-shirts and denim fabrics, and then performed a mechanical
opening on respective materials and compared the fibre lengths measured after the man-
ual deconstruction and after the mechanical opening. While the mean lengths (ML) after
manual deconstruction were as long as 22 millimetres for both single-jersey knits and
denim yarns, the fibre lengths dropped notably after mechanical opening line. The barely
worn single jersey obtained an ML of 10.4 mm and thus a 53% length loss in the me-
chanical opening. The denim fibres in rather worn garments suffered the smallest length
loss, namely 29% in the mechanical opening. Aronsson and Persson estimate that the
opening of looser yarns results in better fibre lengths than opening of tighter, twisted
yarns. Denims are often made up of rotor spun yarns with less entanglement of the fibres.
Moreover, the study claims that the rather worn garments may exhibit as good or better
fibre lengths than barely worn garments, suggesting that even more heavily worn gar-

ments are suitable for mechanical opening. (Aronsson & Persson 2020)

Utebay, Celik & Cay (2019) had earlier discovered that while the fabric tightness may
not have had a significant effect on the fibre waste, the single-jersey fabrics obtained in
general higher values for 50% span length, mean fibre length and uniformity of the fibres
than the tight interlock fabrics. They suggest that this is due to the easier unravelling of
the looser knit. They also found that the properties of the waste fabrics, and the opening
line parameters affected the quality of the obtained MO fibre. (Utebay, Celik and Cay
2019)

Lindstréom et al. (2020) found that lubricating the MO fibres with polyethylene glycol
(PEG) improved the fibre length. The PEG 4000 lubricant was used in different concen-
trations on cotton, polyester, and CO/PES blend fibres. The fibres were produced by
mechanical opening and carded into a web. Then a solution prepared by mixing PEG
4000 and deionized water at 60 °C was sprayed on the web and let dry for 2 hours. After
drying, the web was carded twice more, after which the tests were performed. The
amount of neps and unopened fibres was decreased with a higher concentration of lub-
ricant on all samples. Similarly, the mean fibre length was improved for all samples with
a higher concentration of PEG. The MO cotton fibres with a 0.0 wt.% PEG treatment
obtained a mean length of 9.1 mm, and the 0.3 wt.% concentration of PEG gave a mean
length of 13.4 mm. (Lindstrém et al. 2020)
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3.2 Fibre fineness and tenacity of mechanically opened fibres

Arafat and Uddin (2022) did not find significant differences in the fineness of the virgin
cotton compared to MO fibres. The found finenesses were 1.58 dtex for the virgin cotton
and 1.64 and 1.68 dtex for pre- and post-consumer MO fibres respectively. Memon,
Ayele, Yesuf and Sun (2022) obtained a fineness of 1.75 dtex for the MO fibre blend of

approximately a half acrylic, a third cotton and the rest other fibres.

The literature is limited in reporting values for tensile properties of mechanically opened
cotton fibres, or any recycled cotton fibres for that matter. Yuksekkaya, Celep, Dogan,
Tercan and Urhan (2016) found a strength of 31.6 g/tex for a bundle of virgin cotton
fibres, and a strength of 30.6 g/tex for a bundle of mechanically opened, white pre-
consumer cotton fibres. They also report finenesses of 4.3 and 4.4 micronaire [1.69 and
1.73 dtex] for virgin cotton and MO cotton respectively. The properties were tested on an
Uster HVI machine. Whereas the literature is sparse regarding the fibre properties, there
are multiple works presenting the tenacity values for yarns made utilising mechanically
opened fibres (Arafat & Uddin 2022; Jamshaid et al. 2021; Utebay, Celik and Cay 2019).

Some tenacity and fineness values for yarns are reported in the following chapter.

3.3 Yarn from recycled fibres

While fibre properties affect the quality and appearance of the yarn, the yarn structure
should be considered for its end application. Arafat and Uddin (2022) review that a soft
feel and a good moisture absorbance are desirable properties for yarns used in t-shirt
production, whereas more coarse yarns with rather harsh feel could be used in denim,
towels, or other home textiles. Yarns used in t-shirt production are often ring-spun while

for example denim production can utilise rotor spun yarns (Arafat & Uddin 2022).

Utebay, Celik and Cay (2019) made two types of yarn, with counts Ne 20/1 and a Ne 10
(approximately 30 and 60 tex, respectively) by ring spinning the mechanically opened
pre-consumer cotton knit waste fibres (rCO) with virgin cotton (CO) and polyester (PES)
fibres. The composition of Ne 20/1 yarn was 50/30/20 rCO/CO/PES and the composition
of Ne 10 yarn was 80/20 rCO/PES. The testing of the Ne 20/1 yarn showed the quality
of the undyed fabrics resulted in stronger yarn, suggesting the treatments worsen the
fibre quality. The observations and variance analysis for the latter yarn type, Ne 10,
showed that the previous fabric structure had a significant effect on yarn evenness, yarn
hairiness, yarn tenacity and elongation at break, suggesting that a looser structure gives
a higher tenacity and elongation. They studied whether small or large sizes of fabric

should be used for shredding and found that the size does not play a significant role on
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the yarn tenacity, although small pieces were attributed to increased SFC. They found
that Ne 20/1 yarn produced with recycled dyed fibres had lower tenacities due to the
decreased strength caused by dying. Moreover, it was observed that the number of
shredding passages or the fabric structure did not have a significant effect on the yarn
tenacity. On the other hand, for the Ne 10 yarn the fabric structure, shredding size and
the number of shredding passages were observed to have a significant effect on the yarn
tenacity. This was attributed to the increased contents of MO fibres. (Utebay, Celik and
Cay 2019)

In a more recent study by Utebay, Celik and Cay (2023), they spun fine yarns, 20 tex
and 30 tex, on an open-end spinning machine and a compact spinning machine. The
yarns were made partly from pre-consumer knitted waste (100% cotton) and partly from
virgin cotton, as no yarn could be spun with just fibres obtained from waste in their set-

tings.

Riemens et al. (2021) who conducted a Delphi-Régnier method study, review that the
greatest challenges in mechanical textile-to-textile recycling are the shortened fibre
length and the difficulty in controlling colour or material of post-consumer waste. They
further review that the eco-design is important, as the initial fibre quality is an important
factor affecting the re-spinnability of textiles, even more important than the use phase of

the textile.

Rabbi, Banna, Mia, Islam and Hasan (2023) spun yarns with open end spinning. The
yarns consisted of 10-30 % post-consumer textile waste in fibre form blended with virgin
cotton fibres. The yarns were tested for unevenness, imperfection, hairiness, tensile
strength, and elongation. The prepared yarns were also used for denim production, and
their tensile strength and tearing strength were determined. Attributes such as uneven-
ness, imperfection and tensile strength were found to be worse with increasing post-
consumer waste contents, while hairiness and elongation were not significantly different
from 100 % virgin cotton yarn. Rabbi et al. (2023) noticed that hairiness may first increase
with introduction of post-consumer waste-derived fibres, namely in the 90/10 virgin/post-
consumer waste yarn, but with increasing contents of post-consumer waste, the hairi-
ness was more controlled by the spinning parameters. Moreover, the denim fabrics had
better tensile strength and tearing strength the less waste-derived fibres were blended
into the yarn. The study concluded that with up to 30 % contents of fibres obtained from
post-consumer waste the qualities of the produced denim fabrics were acceptable. They

also found that the ratio of recycled and virgin fibre should be considered, and further
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studies should be executed to optimize those ratios and the processes. (Rabbi et al.
2023)

While Rabbi et al. (2023) used open-end spun yarns in their experiment, other studies
investigating the effect of yarn structure in denim fabrics have found that denim fabrics
woven with ring-spun yarns have better tensile and tear strength than open-end rotor
spun yarns. Hailemariam and Muhammed (2022) studied some properties of altering
ring-spun and open-end rotor spun yarns in warp and weft. In their study, the yarns were
produced with virgin cotton fibres. They observed that the denim fabrics are stronger in
the warp direction, and that ring-spun yarns in the testing direction contribute to better
tensile and tear strengths than open-end rotor spun yarns. However, open-end rotor
spun yarns contribute to better abrasion resistance, pilling resistance and higher air per-
meability than ring-spun yarns (Hailemariam & Muhammed 2022). Open-end spun yarns

are often used for their shorter processing times and thus smaller economic cost.

Arafat and Uddin (2022) produced ring-spun yarn with varying contents of recycled fibre.
Their aim was to produce a yarn that was fine and smooth enough for soft knitwear or
woven production, namely a yarn with a 30 Ne (approximately 20 tex) fineness. They
blended two main types of yarns: pre-consumer fibres with white virgin cotton, and post-
consumer fibres with virgin cotton. The waste-derived fibre contents were altered be-
tween 10, 20, 25, 30 and 35 % in the yarns. The ratio of 35 % MO fibre to 65 % of virgin
fibre proved, however, unsuccessful, as the tenacity of the yarn was too low in knitting
and weaving. The study found that the colour of the yarn darkens with increased contents
of MO fibres, provided that the MO fibres are not white. They also found that the coeffi-
cient of mass variation increases with increasing MO fibre contents, as do the hairiness,
the amount of neps, and the deviations in yarn thickness. The study concludes that a
yarn of 30 Ne count is possible to produce by ring spinning with 30 % MO fibres, and
that that yarn is suitable for knitwear production. They estimate that if the virgin/MO fibre
blend yarn is produced with pre-consumer derived fibres, the contents of MO fibres can
be higher than what it can if post-consumer derived fibres are used. They also conclude
none of the produced yarns with post-consumer waste-derived fibres could be used for
weaving. The researchers propose a weft yarn should exhibit a tenacity of at least 14
g/tex [13.73 cN/tex] and an elongation of 2 %. For a yarn used in knitting, the corre-
sponding values are 13.5 g/tex [13.25 cN/tex] and 3 %. (Arafat & Uddin 2022)

Memon et al. (2022) spun yarns with a blend of MO fibres and virgin cotton on a rotor
spinning machine. The recycled fibres were obtained from pre-consumer waste, namely

knitwear garment cutting and stitching. Additionally, hard waste acrylic yarn was mixed
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with the knitwear cuts before mechanical opening. The blend of the MO fibre was identi-
fied with a help of a chemical solvent. The MO fibre blend consisted of approximately
32.5 % cotton fibres, 49.8 % acrylic fibres, and other fibres. The blend was mixed with
virgin cotton in varying degrees, and it was discovered the optimal blend was 39 % re-
cycled fibre and 61 % virgin cotton. The recycled yarn was then used in denim production
as a weft yarn. The study found correlations between the varying contents of recycled
fibres in a yarn and the strength, elongation, yarn unevenness, thin places, thick places
and neps of the yarn. The conclusions were that the increased percentage of recycled
fibre reduced values in strength and elongation but increased the yarn unevenness and

the presence of yarn irregularities. (Memon et al. 2022)

Although the recent research is greatly focused on blending recycled cotton with other
fibres, it has been reported successful to use 100% recycled or recovered cotton to pro-
duce recycled yarns. Jamshaid et al. (2021) prepared rotor spun yarn out of 100% recy-
cled or reclaimed waste. The types of cotton they used in their yarn samples were partly
from hard waste that was mechanically opened, and partly from cotton processing, and
already in a fibrous form. They blended 40 % of mechanically opened yarn or rags with
reclaimed cotton to prepare open-end yarns with a yarn count of Ne 10 £ 0.02 (approxi-

mately 60 tex).

Lindstrdom et al. (2020) found that it was possible to rotor spin yarn from 100% recycled,
mechanically opened, pre-treated lubricated fibres. The PEG 4000 lubricant treatment
sprayed on a once-carded web of MO fibres helped to increase the percentage of long
fibres in cotton and polyester and their blend, reduce neps and other irregularities and
reduce the friction force so that yarn could be spun. Nevertheless, the yarns were found
somewhat difficult to spin, and a rather high linear density value was sought after to
compensate. The linear densities for the cotton yarns were between 92 and 99 tex (920-
990 dtex), and tenacities between 6 to 8 cN/tex. After spinning, the yarns were washed,
and the study found that their tensile strength was increased by washing off the softener.
(Lindstrém et al. 2020)

Furthermore, Lindstrém et al. (2020) found that processing of 100% MO, untreated PES
fibres after shredding became difficult as no sliver could be formed. The defects were
described as the presence of neps, and molten fibres fused together, which did not allow
for easy handling. They also found that the sliver-forming of MO cotton-polyester blend
was difficult and argued this is due to the dissimilarities in fibre length for the two mate-

rials.
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4.1 The samples
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The cotton materials studied in this report, including the reference cotton, are presented

in Table 4.1. All the materials are from VTT’s sample collections in the Telavalue project.

The presented materials were chosen amongst those materials, as it was decided that it

would be most beneficial to focus on one fibre type (cotton) and find out more about the

characteristics of the different cotton samples given their different backgrounds.

Table 4.1: The cotton qualities used in the experimental work.

denim, woven pre-
consumer textile

scraps

line, Vila Nova
de
Portugal

Famalicao,

Cotton ID Composition; defi- | Mechanical Sample appearance
nition opening

REF-CO 100% cotton (vir- | [reference; vir- | = .
gin); origin:  un- | gin cotton] :
known )

PRE-KNIT 100% cotton; knit- | Pure Waste pro-
ted pre-consumer | cesses
textile scraps, dark
blue

PRE-WOVEN | 100% cotton; | Citeve opening




Table 4.1: The cotton qualities used in the experimental work. (Continued)

with <10% other fi-
bres, especially
elastane (ea); post-
consumer black

denim waste

POST-B2B 100% cotton; post- | Rester opening
consumer work- | line, Paimio,
wear waste in vary- | Finland
ing colours

POST-n 98-100% cotton | Opening quality
with £2% other fi- | re-spinning,
bres; post-con- | LSJH opening
sumer blue denim | line, Paimio,
waste, “neutral” | Finland
(n)

POST-s 98-100% cotton | Opening quality
with <2% other fi- | re-spinning,
bres + softener (s); | LSJH opening
post-consumer blue | line, Paimio,
denim waste Finland

POST-ea 90-100% cotton | Opening quality

re-spinning,
LSJH opening
line, Paimio,
Finland
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All the mechanically opened post-consumer cotton samples were cleaned with the help

of ‘Shirley’ Trash Analyzer earlier in the Telavalue project, resulting in three different

types of sample forms: uncleaned, accept and reject. The ‘Shirley’ Trash cleaning is

explained in chapter 4.2 ‘Shirley’ Trash: cleaning the fibres. Additionally, REF-CO and
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PRE-WOVEN and an additional sample of POST-B2B were cleaned during the experi-
mental works for this report. PRE-KNIT was already an “accept” by the providing com-
pany’s standards and thus it needed no cleaning. Table 4.2 shows the different forms of
sample materials used in the different tests. Generally, accepts vs. uncleaned samples
and accepts vs. rejects were compared for the qualitative analysis of the samples. For
quantitative testing i.e., length and tensile testing, accepts were preferred. However, un-
cleaned samples were used for the length measurements of REF-CO and for the tensile
testing of PRE-WOVEN due to scheduling conflicts. Additionally, an old cotton bedsheet
was acquired for the surface inspection done with SEM.
Table 4.2: The detailed sample/test breakdown. Uncleaned, accept or reject
types of samples, or two different sample types of each cotton were used in the

tests described in their respective columns. The dark grey blanks indicate no
sample type described on the respective row was used in the test.

Main sample | Sample form used in the following test:
Length Tensile test- | SEM DSC FT-IR
ing
REF-CO uncleaned accept accept accept
PRE-KNIT accept (com- | accept (com- | accept (company controlled) | accept
pany con- | pany con- (company
trolled) trolled controlled)
PRE-WO- accept accept accept
VEN -
uncleaned uncleaned reject
POST-B2B accept accept accept
uncleaned reject
accept accept
uncleaned reject
accept accept
uncleaned reject
POST-ea accept accept
uncleaned reject
Bedsheet, hand-opened
cotton (70+
ears old

4.2 ‘Shirley’ Trash: cleaning the fibres

Prior to testing the fibres obtained from the mechanical opening lines they were cleaned
with the help of a ‘Shirley’ Analyzer Mk2 manufactured by SDL Atlas. The analyser is
conventionally used for separating lints, dust and other trash from virgin cotton. For this
report, the fibres were cleaned using the machine: the machine removed the heaviest
unopened threads and small fabric pieces which ensured an easier measuring of e.g.,
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fibre length. Additionally, the opening efficiency of the cotton types or their respective

opening lines was established.

In the cleaning process the sample is laid on a feeder (Figure 4.1 left), from where it
moves into the machine. At this point, the sample is referred to as uncleaned. When all
the material has been processed into the machine, it is let to work for a short moment
before the cleaned fibre can be collected. The material is sorted into accept (Figure 4.1

centre) and reject (Figure 4.1 right) in their respective compartments.

Figure 4.1: Photos ofle being clme-
ing fed into the 'Shirley’ Analyzer Mk2 (left) and accept fibre (centre) and reject
(right) separated in their own compartments.

The cleaning was executed in standard testing conditions. The opening was performed
for samples REF-CO, PRE-WOVEN and POST-B2B during this experiment, and for
POST-n, POST-s and POST-ea during earlier experiments. Only one sample of each
cotton quality was used for comparison. After the cleaning, the ratio between the accept
and the fed raw material, the efficiency of opening (EFO), was calculated according to
the Equation 1.2 presented in chapter 2.2.3 Degree of opening. All the results are pre-

sented in chapter 5.1 ‘Shirley’ Trash opening.

4.3 Fibre length

The length of the fibres was measured by adjusting the American standard (ASTM
D1440-07) and the Suter-Webb Comb Sorter method (Webb 1932 se Morton & Hearle
2008, pp. 151-152). The apparatus that was used is a Baer comb sorter, suitable for the
array method explained in the American standard (ASTM D1440-07). No specific condi-
tioning was executed prior to the length measurements. Three specimen of size 75 £ 2

milligrams were used to evaluate each sample.

Baer sorter is a manually operated apparatus with upwards pointing combs. In labora-
tory, the apparatus was first placed on the table with the screw tops pointing towards the
tester. A fibre tuft was prepared by gently pulling the tuft apart in two and laying the two
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separated bundles doubled on top of each other, and progressively doing so until the
fibres were aligned parallel. The fibres were then laid on the far-right side perpendicular
to the combs so that the ends of the fibres were easily graspable. The fibres were pushed
down with a teethed depressor so that the fibres were rather between than on top of the
combs (Figure 4.2a). The outermost fibres were pulled away from the bundle with the
help of a wide grasp forceps, gently brushed in the middle of the combs to get rid of any
non-parallel fibres and neps, and finally laid on the left side of the apparatus (Figure 4.2b)
with the forceps coming as close to the combs as possible. This process was carried out
for the whole of the sample. The fibres left on the far right and the middle of the combs
(Figure 4.2b) were collected and processed again to obtain any remaining fibres. This

was done twice, resulting in a total of three times of withdrawal.

Figure 4.2: Photos of the phases of fibre length measurement. The fibres are
first laid on the combs (a), picked up from the fringe and moved successively to
the right end of the combs (b), with the aim of getting the fibre ends even. Once

all fibres are moved up, the combs are turned 180° and dropped down succes-
sively until the fringe of the longer fibres is visible (c). The fibres are picked up

with a pair of wide-grasp forceps and laid down on a velvet board (d) for array
formation and length measurement.
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Then, the apparatus was pivoted 180° so that the screw tops were pointing away from
the tester. The combs were dropped down successively until the longest fibres, the fringe
was visible (Figure 4.2c). These fibres were picked up with the help of the wide grasp
forceps and placed on a velvet board (Figure 4.2d). All the fibres were picked up and in

successive length order laid down on the velvet board in an array form.

The fibres were then divided into length categories i = (1-3, 4-6, 7-9, 10-12, 13-15, 16-
18,... millimetres). Each length group was weighed, and the results were recorded to
calculate the average length (x), and the approximate fibre distribution. Moreover, the
approximate number of fibres was calculated after tensile testing with methods presented
in chapter 4.3.2 Mean length, upper half mean length and length uniformity. This allowed
for comparisons of standard deviation and coefficient of variation of the lengths between
the different cotton qualities. The main results are presented in chapter 5.2 Fibre length

results, and some results related to the approximations are presented in Appendix A.

The described method was tested first with samples weighing 200 £ 20 milligrams, but it
proved ineffective with its rather large sample size. The method was altered so that a
more accurate approach described as the Suter-Webb array method and a smaller sam-
ple size, 75 + 2 milligrams, was used. In literature (Morton & Hearle 2008, Thibodeaux
et al. 2008a) the Suter-Webb array method is described as accurate, tedious and requir-
ing of skill in order to obtain reliable results. It is an applicable method for cotton due to
the short fibre length (Morton & Hearle 2008, p. 151).

The Suter-Webb comb sorter method applies a three-step combing process to ensure
the parallelism of the fibres (Morton & Hearle 2008, p. 152). Morton and Hearle (2008)
further point out that even with a high degree of parallelism, some fibre breakage will
always take always take place with comb sorting methods. In this laboratory experiment,
the fibres were combed slightly and prepared three times, and thus instead only a small
fraction of the specimen was left unmeasured due to the described method. The weight-
based average fibre length (x) was calculated with the help of the following Equation 4.1.
The unmeasurable fibres were left out of the calculation.

X = Z(Tg—;ntll) (Equation 4.1)
where m; is the mass of the length group and /; the average length in the length groups,
thusli=(2,5, 8, 11,...).
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4.3.1 Upper quartile length and short fibre content

Additionally, an upper quartile length (UQL) and short fibre content (SFC) were deter-
mined. UQL was calculated by establishing the point where over 25 % of the fibres were
weighed, starting from the longest fibre groups. UQL is defined as the shortest length of
the longest 25% of fibres. It can be calculated for both the whole weight and per number
of fibres. In this experiment, the number of fibres was unknown. SFC includes all fibres
that are under 0.5 inches (12.7 millimetres) (Morton & Hearle 2008, p. 144), i.e., the
length groups 1-3, 4-6, 7-9 and 10-12 mm. Like UQL, SFC can be calculated for both the
whole weight and per number of fibres. For a direct approach, the SFC is calculated as
a percentage of weight, not considering the decitex for this experiment. The short fibres
were weighed and their percentage share of the weight of all the length groups was

calculated. The results are presented in chapter 5.2.7 UQL and SFC.

4.3.2 Mean length, upper half mean length and length uniformity

The approximate number of fibres (n) was calculated after the tensile testing when the
dtex number of the fibres was obtained. The number of fibres in each length group was
approximated as shown in Equation 4.2. The total number of fibres in the sample was

estimated by adding all the length groups together.

m 10000
*

= E ion 4.2
Ttox L (Equation 4.2)

n;
Then, the mean length (ML) by fibres was calculated with the help of the estimation of

the number of fibres, n (Equation 4.3).

_Z(myx )
B n

ML (Equation 4.3)

The average length X was used for almost all the presented results and graphs, while
mean length (ML) was obtained to estimate the staple lengths, length uniformities and

fibre distribution (Appendix A) of the cotton qualities.

Upper half mean length (UHML) is defined as the mean length by number of fibres of the
longer weight-half of the sample (Morton & Hearle 2008, p. 144). UHML is often referred
to as the staple length, the length describing the most frequent length of the cotton qual-
ity. However, Morton and Hearle (2008, p. 143-144) point out that staple length is a sub-
jective visual attribute that only correlates with the most frequent length of the cotton.

The UHML was calculated once the decitex number was obtained for the samples. It
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needs yet to be noted, that the UHML values presented in this report are based on ap-

proximations of the number of fibres.

The uniformity index (Ul) of cotton is an industry standard describing the relation between
the mean length and the upper mean length (Equation 4.4), describing the quality of the
cotton. In the industry, a uniformity Ul > 85% is considered as “very high” and a Ul < 77%
“very low” (Cotton Incorporated 2021). The calculated values are presented in chapter
5.2.2 ML, UHML and uniformity.

Ul (%) =

THML 100 (Equation 4.4)

4.4 Tensile testing

The tensile testing of the fibres was performed on a Textechno machine Favimat+ that
also measures the linear density of the fibres. The testing conditions and machine set-
tings are reported in Table 4.3. The testing was carried out according to ISO standard
(SFS EN-ISO 5079:2020). The standard defines the testing to be performed at 20-milli-
meter gauge distance, but due to the lack of long fibres in the MO fibres, the gauge
distance was set to 10 millimetres. All the different cottons were measured with the 10-
millimeter distance. Additionally, a 20-millimeter distance was used for those fibres that
were long enough. The standard also mentions that natural fibres, such as cotton and
wool should be measured in bundles rather than individually. Due to the short nature of

MO fibres this was not possible, and only singular fibres were measured.

Table 4.3: Testing conditions and machine settings for tensile testing with

Favimat+.
Standard testing conditions | Test Machine settings
Relative hu- | Temperature Load cell Preten- Testing Gauge
midity sion speed length
65 RH% 20°C Linear 210 ¢cN 1 cN/dtex | 5 mm/min | 10 mm
density
20 mm
Tensile | 210 cN 0.5 20 10 mm
strength cN/dtex mm/min
20 mm

A small fibre bundle was taken on a velvet board. A pretension weight clamp of 1 cN was
used to find a fibre end. The fibre was clamped and pulled separate. The free end of the
clamped fibre was then picked up with a pair of tweezers and lifted in the testing position
above the upper gauge of the machine. The upper gauge was closed to lock the fibre in

its place, and with the pre-weight clamp successfully hanging under the lower gauge,
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also the lower gauge was closed. The machine then performed the testing automatically
for both the linear density and the tensile strength of the fibres. The machine reported
the results numerically and with graphs. The numerical results were used to perform a
statistical analysis on the samples. The results are reported in chapter 5.3 Tensile testing

results and in Appendix B.

4.5 Statistical analysis for quantitative results

Single factor ANOVA was carried out for the results of average length, breaking tenacity,
elongation, and linear density between the different cotton qualities. Only the results of
the tensile testing experiments with 10-millimetre gauge distances were compared i.e.,
no statistical analysis was performed for the results measured with the standardised 20-
millimetre gauge distance. The critical values were obtained from a studentized range
statistic, and the analysis was performed on a confidence level a = 0.05. If an attribute
was found statistically significant, further statistical testing was executed in the form of
Tukey-Kramer pairwise testing. The results are presented in chapter 5.4 Statistical anal-

ysis results.

4.6 Surface inspection

The surface inspection of the fibres was done with scanning electron microscopy (SEM).
Both accepts and uncleaned samples were studied to observe any differences in the
surface structure before and after the ‘Shirley’ Trash treatment. The REF-CO was pic-
tured to see difference between a virgin fibre and a mechanically opened one. Finally,
an extra sample made up of an old bedsheet was added to further observe any surface
wear caused by the long lifecycle, as listed earlier in Table 4.2. A small piece of the
bedsheet was cut and pulled carefully apart with hands and tweezers. The obtained
threads were twisted open carefully by hand and the exposed fibres were picked up with

tweezers.

A SEM sample was built by picking a small tuft of the fibrous material and spreading it
out on a clean surface so that as many fibres as possible were exposed. Then, cylinder
shaped specimen stubs that are standardised for e.g., the SEM imaging of wool and silk
(SFS-ISO 17751-2:2016, p. 7) were used. A small, double-sided tape with the same area
as the top of the stub was glued on top of the stub, after which the separated fibres or
small pieces of yarns were placed on top of it. Fibre or yarn ends that ended up over the

tape area and were thus not adhered were carefully cut with scissors.
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The stubs were then placed in the sputtering machine, Leica EM ACE100. The machine
was first pumped into a vacuum of 2.0*102 mbar, as the samples were to be sputtered
with a directional mode. Directly after the pumping a magnetron sputtering was con-
ducted: the samples on the stubs were targeted with a gaseous plasma of argon, during
which a 20 nm thick layer of gold was depositioned. The coating deposition was done

twice.

After the sputtering, four samples at a time were placed on a stub tray and into the ma-
chine. The samples were studied scarcely visually to find a well representing area. The
area was pictured with 2000x, 1000x, 500x, 200x and 100x magnification. Additional
interesting areas were pictured with altering magnifications. The SEM was operated at
10 kV voltage and the samples were pictured with a 15 mm working distance. The photos
were slightly re-touched for brightness and contrast to better indicate the desired attrib-
utes. The results of the surface inspection are presented in chapter 5.5 Surface inspec-

tion results and in Appendix C.

4.7 Fibre composition

The composition of the cotton qualities was observed with scanning electron microscopy
(SEM), differential scanning calorimetry (DSC) and Fourier-transform infrared spectros-
copy (FT-IR). SEM was used to observe the shape of the fibres possibly revealing some-
thing about the composition, while DSC and FT-IR were used as a cross-examination to
quantitatively say how the chemical composition of the cotton qualities may look like. The
main results for the fibre compositions are reported in chapter 5.6 Fibre composition

results and additionally in Appendices D and E.

For SEM, 13 different samples were prepared, as listed earlier in Table 4.2. The main
goal with SEM was surface inspection, but the fibre shapes were additionally observed
to see any deviations from the typical cotton fibre and its convolutions. For DSC and FT-

IR, accepts and rejects were tested, as listed in Table 4.2.

DSC is a method to observe the behaviour of materials upon heating and cooling. The
device is an oven where a reference material and the examined material are heated
simultaneously. A computer monitoring the heat flow will regulate the heat flow so that it
happens at similar rates in both the sample materials. The computer plots the difference
of required heat in the samples and displays the difference as plots with endothermic

and exothermic peaks. The peaks can be seen where the examined material requires



38

more energy to be heated at the required pace (endothermic reaction) or where the ma-
terial gives off energy because it is taking longer to cool (exothermic reaction). The peaks
can then reveal the melting temperatures and crystallisation temperatures of the mate-

rial, among other things.

All the samples were heated to 300 °C, as it was suspected that other materials than
cotton exist in some of the samples. Cotton will not show any special behaviour up to
300 °C nor will it melt after, but its decomposing can be seen at approximately 350 °C
(Langley et al. 1980 se Yasin et al. 2017). Polypropylene, polyester and polyamide-66,
other fibres often used in denim production, melt at approximately 165 °C, 265 °C and
264 °C respectively (Albertsson, Edlund & Odelius 2012). The testing was conducted
with both accepts and uncleaned samples and three specimens of each cotton type were
examined. For uncleaned sampling, unopened yarns were preferred to get a more dis-
tinctive idea of their qualities. None of the samples were conditioned prior to the testing.
The peaks were determined with the help of NETZSCH Proteus Thermal Analysis 8.0.3

software.

FT-IR is a method based on measuring the absorbance or transmittance of light of a
given material. The material is exposed to a narrow beam of infrared (IR) radiation, and
the vibrating atoms of the material absorb some of that radiation at a certain intensity,
and the non-absorbed IR is detected by a special detector. The absorbance happens
when the radiation energy is equivalent to the atomic vibration. The vibrations have their
specific frequencies, wavenumbers. Wavenumbers are linearly scaled to the energy dif-
ference between an atom at a neutral state and at an excited state. The FT-IR spectrum
is obtained by plotting the intensity against the wavenumber. (Calabro & Magazu 2017;
Larkin 2011)

IR can be observed on frequencies between 14300 and 20 cm™, but the mid region from
4000 to 400 cm™ is the most important for the analysis of chemical composition. In addi-
tion to absorbance and transmittance, the chemical composition of the material can be
observed with attenuated total reflection-FT-IR (ATR-FT-IR). In using transmittance FT-
IR the sample must be prepared so that the sample is not too thick and can transmit
some of the IR. 100% absorbance will result in poor analysis of the peaks. ATR-FT-IR
method takes advantage of an ATR crystal. The material is exposed to the IR through
the crystal, and the light that is not absorbed by the material, is once more passed
through the crystal, and detected. Although the transmission-FT-IR and ATR-FT-IR

methods are rather different, the resulting spectra can be compared with each other, as
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similar chemical bonds display similar peaks at similar frequencies. (Bruker 2023;
Calabrd & Magazu 2017)

The FT-IR inspection was conducted with Nicolet iS50 Spectrometer. The testing was
performed with a resolution of 4 cm™. No conditioning was conducted for any samples
prior to FT-IR testing.
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5. RESULTS

5.1 ‘Shirley’ Trash opening

The ‘Shirley’ Trash cleaning was performed with all the cotton qualities apart from PRE-
KNIT. The cleaning separates the sample in two; cleaner, more homogenous accept
fibres and dirtier, less homogenous reject fibres. The efficiency of opening is calculated
as the ratio of the accept to the fed raw material, as described in chapter 2.2.3 Degree
of opening. Figure 5.1 shows the percentage weights of the accept, reject and lost fibres
for samples REF-CO, PRE-WOVEN, POST-B2B, POST-n, POST-s and POST-ea. Fig-
ure 5.2 shows examples of three different cotton qualities after the ‘Shirley’ Trash open-
ing. The cotton qualities were cleaned with the machine to provide for an easier length
measuring and tensile testing. The analyser is meant to be used for virgin cotton cleaning

and analysing, which shows in the results presented hereafter.

'Shirley' Trash trials

100,0
90,0
80,0
70,0
60,0
50,0
40,0
30,0
1 20,0
10,0

Sample weight (g)
Efficiency of opening, EFO (%)

REF-CO  PRE-WOVEN POST-B2B POST-n POST-s POST-ea

Measurements in this experiment Earlier measurements

accept NN reject |oSt  emm—FEFO

Figure 5.1: The weights of the accept, reject and lost fibres in ‘Shirley’ Trash
opening. The black line graph represents the efficiency of opening, EFO.

REF-COL:& PRE-WOVEN POST-B2B

Figure 5.2: Photos of selected cotton samples after ‘Shirley’ Trash opening. Each
photo shows the accept fibres on the left, and the reject fibres on the right.
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5.2 Fibre length results

The fibre lengths were measured adjusting the American standard (ASTM 1440-07) and
a Suter-Webb array method. The combed fibres were laid on a velvet board by small
tufts in a length order and each length group is weighted. In this experiment, the length
groups were 1-3 mm, 4-6 mm, 7-9 mm and so forth. The average length of the fibres was
calculated based on weight and the assumption that the linear density is homogenous

throughout the sample. Moreover, upper quartile length was calculated based on weight.

Figures 5.3 — 5.9 show the array forms of a specimen of each cotton. It should be noted
that Figure 5.3 displays a different ruler scale from the other pictures. The longest fibres
reached approximately 35 millimetres for the reference cotton, while the longest MO fi-
bres were approximately 25 millimetres long. The weight-based average lengths and the
max lengths are reported for each cotton, not for the individual specimens in the pictures.

The shortest measured fibres were in the length group 7-3 millimetres for all the samples.

The fibre length measurement using the Suter-Webb array method is a tedious process
with each specimen taking 1-2 hours to measure. The method was altered slightly due
to the shortness of the recycled fibres; on the first round of drawing, there are many fibres
tangled in the combs in cross-direction, as the hand-drawing and paralleling of the short
fibres prior to the combs is not as easy as it is for longer fibres. Therefore, the fibres were
withdrawn three times through the combs to get as many fibres out of the sample and

thus as accurate a picture of the fibre lengths as possible.

i—'igure 5.3: Photo of REF-CO (uncarded) uncleaned fibres laid down in succes-
sively shortening length order according to Suter-Webb array method. Average
length 18.8 mm, max length 31-33 mm.

T —————————— .

_‘I:=igure 5.4: Photo of PRE-KNIT accept fibres laid down in successively short-
ening length order according to Suter-Webb array method. Average length 8.6
mm, max length 19-21 mm.
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:‘Figure 5.5: Photo of PRE-WOVEN accept fibres laid down in successively
shortening length order according to Suter-Webb array method. Average length
11.3 mm, max length 25-27 mm.

ure 5.6: Photo of POST-B2B accept fibres laid down in successively short-
ening length order according to Suter-Webb array method. Average length 11.5
mm, max length 25-27 mm.

Figure 5.7: Photo of POST-n accept fibres laid down in successively shorten-
ing length order according to Suter-Webb array method. Average length 9.8 mm,
max length 22-24 mm.

i mpepmituny | o<

ing length order according to Suter-Webb array method. Average length 9.9 mm,
max length 25-27 mm.

I“Figure 5.9: Photo of POST-ea accept fibres laid down in successively shorten-
ing length order according to Suter-Webb array method. Average length 9.9 mm,
max length 25-27 mm.

The approximate calculations for number of fibres allow for speculation of mean length,

variance, coefficient of variation (c.), confidence interval and fibre distribution. These are
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presented more in detail in Appendix A. Chapter 5.2.2 UQL and SFC shows the compar-

ison between the weighted average length, calculated mean length and the staple length.

5.2.1 UQL and SFC

The results for UQL and SFC are presented in Figures 5.10 and 5.11. Due to the chosen
fibre length measurement method, no accurate information of the number of fibres in
each length group can be obtained. Therefore, both the SFC and the UQL are calculated
as the percentage of weight of fibres. The graphs in Figures 5.10 and 5.11 display the
values of fibres that were measured for their length and exclude the threads, neps and
unmeasurable fibre dust. Figure 5.12 shows the quality of the sample tufts in terms of

measurable fibre and other matter.

Fibre length accumulation and upper quartile length
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90,00
80,00
70,00
60,00

50,00

% of weight
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30,00

20,00

10,00

1-3mm 4-6 mm 7-9 mm 10-12 13-15 16-18 19-21 22-24 25-27 28-30 31-33

mm mm mm mm mm mm mm mm
REF-CO PRE-KNIT PRE-WOVEN == = POST-B2B
POST-n POST-s — = -POST-ea ----uaL

Figure 5.10: Fibre length accumulation by percentage of weight. The graphs indi-
cate the increasing weight per fibre length group. The horizontal dash line shows
the upper quartile length, UQL. The longest 25 % of the fibres are above that
point.
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Short fibre content

% of specimen weight

1 2 3
Specimen #
—@— REF-CO —@— PRE-KNIT ——@— PRE-WOVEN — — POST-B2B
POST-n POST-s — @ -POST-ea

Figure 5.11: The short fibre content (SFC) in the three specimens for each cot-
ton quality. The SFC is calculated by comparing the weight of the shorter length
groups (1-3, 4-6, 7-9 and 10-12 mm) to the total weight of the measured sample.

Fibre length: measuring threads, neps and fibre dust

100 %
-~ = = 0 J 0 n
60 %
40 %
20%

0%
REF-CO PRE-KNIT PRE-WOVEN POST-B2B POST-n POST-s POST-ea

measured for fibre length threads, neps M fibre dust not measured (disappeared)

Figure 5.12: Cotton fibre quality breakdown. The fibres measured for their
length, threads and neps, unmeasurable fibre dust and the disappeared fibres
shown as the percentages of the total sample (752 mg).

5.2.2 ML, UHML and uniformity

The mean lengths (ML) and upper half mean lengths (UHML) were calculated as shown
in chapter 4.3.2 Mean length, upper half mean length and length uniformity. The values
are thus based on approximations of the number of fibres. UHML is an industry-wide
known measure for the quality of the cotton. The previously given weight-based average
length, calculated mean length, upper-half mean length and the calculated uniformity

index are shown in Figure 5.13.
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The different mean lengths and uniformity
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Fibre length (mm)
Uniformity index, Ul (%)

(€]

mm weighted average, x ML = UHML (based on ML) s U] (%)

Figure 5.13: The different mean lengths of the cotton qualities. The weight-
based average length, and the approximated mean length (ML) and upper half
mean length (UHML) are shown in comparison to each other. The line graph
shows the uniformity index (Ul), which is the ratio between ML and UHML.

5.3 Tensile testing results

The tensile testing was performed with Textechnos Favimat+. The samples were indi-
vidual fibres, mostly measured on a 10-mm gauge length. The standardised sample is a
tuft of fibres measured with a 20-mm gauge length. Figure 5.14 shows the average ten-
sile testing plots measured with 10-millimeter gauge distance and additionally the refer-
ence cotton with 20-millimeter gauge distance. The curves present the means of all
measured fibres and were given by the computer. Table 5.1 shows the numerical values
obtained for breaking elongations, tenacities, and linear densities of the samples. The
grey column shows the overall means of the measurements for reference cotton as av-
erage of 10 measurements and recycled fibres as average of 20 measurements. The
white column shows the values obtained by erasing the deviating fibres. Some single
fibre result showing great deviation from the mean were removed from the results to best
describe the properties of cotton fibres. As the hypothesis was that recycled fibres may
contain other than cotton fibres, such as polyester, the erased measurements were cho-
sen carefully, compared to reference values in literature, and removed one by one until
a ¢, < 0.5 was obtained for the remaining fibres. The erased values implicated there can
be other fibres than cotton in the mixes. All the tensile testing results including the re-
moval of deviating fibres can be found in Appendix B.
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Figure 5.14: Average tenacity-elongation plots for the cottons measured with 10-
mm gauge length, apart from the REF-CO 20 mm that was measured on the 20-
mm gauge length.

Table 5.1: The mean values for breaking elongation, tenacity, and linear density
of the samples with 10-mm gauge distance. The columns with the grey back-
ground show the results for all the tested specimen, i.e., n=[10,20] specimens.
The columns with the white background show the results of the selected speci-
mens, i.e., the ones that had a coefficient of variation < 50% (see Appendix B).

sample all specimen selected specimen
n | breaking linear n | breaking linear
elongation | tenacity | density elongation | tenacity density
(%) (cN/dtex) | (dtex) (%) (cN/dtex) | (dtex)
REF-CO | 10| 7.40 1.91 2.18 6 ]4.10 1.97 2.19
PRE-
KNIT 20 | 4.25 1.89 2.16 19 13.73 1.84 2.18
PRE-WO-
VEN 20 | 5.67 1.87 1.99 20 | 5.67 1.87 1.99
POST-
B2B 20 | 8.30 2.27 2.25 17 | 5.55 2.01 2.24
POST-n 20 | 5.70 1.87 2.21 191 5.26 1.74 2.24
POST-s 20 ] 6.78 2.39 217 18 | 5.11 2.18 2.15
POST-ea | 20 | 9.89 2.48 2.23 17 | 6.95 1.95 2.19
Reference values for virgin cotton in literature at 10-mm 1.90-
gauge distance (Morton & Hearle 2008, p. 290) 5.60—-7.10 | 4.50
Commercial reference values (Textile Learner 2022) 5-10 255 1-4
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For reference, the same properties measured with a 20-millimeter gauge distance are
reported in Table 5.2. It was possible to measure only POST-B2B and POST-n of the
MO fibre samples with the longer, standardised gauge distance. All samples were given
a minimum of 10 minutes of time trying to find a fibre that was long enough before the
testing was terminated and thus marked unsuccessful.
Table 5.2: The mean values for breaking elongation, tenacity, and linear density
of the samples with 20-mm gauge distance. The columns with the grey back-
ground show the results for all the tested specimen, i.e., n=10 specimens. The

columns with the white background show the results of the selected specimens,
i.e., the ones that had a coefficient of variation < 50% (see Appendix B).

sample all specimen selected specimen
n | breaking linear n | breaking linear
elongation | tenacity | density elongation | tenacity density
(%) (cN/dtex) | (dtex) (%) (cN/dtex) | (dtex)
REF-CO 10 | 3.85 1.35 1.67 8 1290 1.19 1.63
POST-
B2B 10 ] 10.84 2.43 1.73 9 ]8.96 2.32 1.53
POST-n 10 ] 10.28 2.55 1.99 6 ]14.23 1.74 1.76

5.4 Statistical analysis results

A single factor ANOVA was executed for the weight-based average lengths, breaking
tenacities, elongations, and linear densities to evaluate whether the MO fibres compare
to or differ from each other or the reference cotton. Table 5.3 shows a statistically signif-
icant difference for average length and elongation with both all and selected specimen.
There is no statistical significance between the tenacities or the linear densities of the
different cotton qualities with a = 0.05, which indicates that at least in this study, the
mechanical opening or the quality of the textile waste did not influence the different cotton
qualities’ tenacity or linear density. However, the quality of the textile waste seemed to
somewhat affect elongation. The pairwise comparison was carried out for the elongation
results measured at 10 millimetres for both all and selected specimen. The Tukey-Kra-
mer test showed there is a statistical significance between the pair PRE-KNIT and POST-

ea with a confidence level a = 0.05 in both groups.

The Tukey-Kramer test further reveals that the weighted average lengths of sample REF-
CO are statistically significantly different in all pairwise comparisons as was clearly sug-
gested by the fibre length measurement results in chapter 5.2 Fibre length results. More-
over, the pairwise comparisons suggest that pairs PRE-KNIT/POST-B2B and PRE-
KNIT/PRE-WOVEN are statistically significantly different with a confidence level a =
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0.05. PRE-KNIT was observed to obtain shortest average length and shortest UQL com-
pared to the other MO cotton qualities in the results given in Figure 5.10. The statistical
analysis highlights its difference in length to the other MO fibres.

Table 5.3: The single factor ANOVA results for average length, breaking tenac-
ity, breaking elongation, and linear density.

SOURCE SS DF MS F P-VALUE F CRIT
OF VARIA-
TION
AVERAGE Between
LENGTH X, Groups 211.4712 6 35.2452 9513801 1.55E-10  2.847726
ALL SPECIMEN | within
Groups 5186495 14  0.370464
TENACITY, Between
ALL SPECIMEN | Groups 8.493295 6 1415549  1.349186 0.240605 2.173112
(10 MM) Within
Groups 129.05 123 1.049187
TENACITY, Between
SELECTED Groups 2.096159 6 0.34936 0.703831 0.647126  2.182862
SPECIMEN Within
(10 MM) Groups 5410419 109 0.496369
ELONGATION, Between
ALL SPECIMEN | Groups 419.9604 6 69.99341 2.425018 0.029948 2.173112
(10 MM) Within
Groups 3550.155 123 28.86305
ELONGATION, | Between
SELECTED Groups 106.106 6 17.68434  3.499469  0.003333  2.182862
SPECIMEN Within
(10 MMm) Groups 550.8243 109 5.053434
LINEAR DEN- | Between
SITY, Groups 0.88007 6 0.146678 1.481184  0.190028 2.173112
ALL SPECIMEN | within
(10 Mm) Groups 12.18041 123  0.099028
LINEAR DEN- | Between
SITY, Groups 0.842862 6 0.140477 1.425918 0.211192 2.182862
SELECTED Within
SPEC'MEN Groups
(10 MM) 10.73834 109 0.098517

5.5 Surface inspection results

The surfaces of the cotton fibres were inspected with SEM. The 200x magnifications of
all the cottons are presented in Appendix C. Selected cropped images are presented in
this chapter, and uncropped images of those are shown in the same Appendix C. For
surface inspection, an additional sample of an old bedsheet was prepared, as described
in the chapter 4.1 The samples. The hand-opened fibres of the bedsheet are pictured in
Figure 5.15.

Figures 5.16 — 5.18 show some additional details of chosen fibre samples. Figure 5.16
shows some damaged fibres in two samples. Figure 5.17 shows some surface opening
in a post-consumer sample compared to undamaged pre-consumer sample. Cuts, tear-

ing, and other surface damage was observed in individual fibres on MO fibre samples,
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somewhat more on the post-consumer fibres. The observations related to fibre contents

of the cotton qualities are presented in chapter 5.6.3 SEM observations.

E Mag WD: 15 mn e T,
= 100w

Figure 5.15: SEM images of the fibres in the old bedsheet with 200x (left) and
1000x (right) magnifications. The pictures can additionally be found in Appendix
C in Figures C.13 and C.14.

T R

50 um ‘ - 50 pm

Figure 5.16: SEM imags ofindividual damaged fibres on POST-s accept (left)
and POST-B2B uncleaned (right). 500x magnifications. The uncropped images
are presented in Appendix C in Figures C.15 and C.16
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Figure 5.17: SE images of POST-n accept (left) nd PRE-KNIT (right). 500x mag-
nifications. The uncropped images are presented in Appendix C in Figures C.17
and C.18.
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Figure 5.18 shows the dirtiness of the post-consumer fibres compared to reference and
pre-consumer fibres. In general, post-consumer fibres were observed to be more dirty
than other observed fibres. No observations of difference in dirtiness in accept or un-

cleaned samples was made.

e

Figure 5.18: Some fibres were dirtier than others. SEM images of PRE-WOVEN

accept (a), REF-CO accept (b), POST-ea accept (c) and POST-n accept (d). 500x

magnifications. The uncropped images are presented in Appendix C in Figures
C.19-C.22.

5.6 Fibre composition results

The fibre compositions of the different cotton qualities were observed with DSC, FT-IR
and SEM. DSC was used to identify the possible melting points of the material, and its
brief results are presented in chapter 5.6.7 DSC results. FT-IR spectroscopy was used
to identify chemical components in the cotton samples. Similar to the DSC results, only
the brief results of FT-IR spectroscopy are presented in the following chapter 5.6.2 FT-
IR results. Finally, SEM imaging was used to observe fibres with shapes different to the
cotton fibre shape, and these results are presented in chapter 5.6.3 SEM observations.
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5.6.1 DSC results

Figures 5.19 and 5.20 show selected DSC heating curves. The focus of the presented
results is on recognising the melting peaks, and therefore no cooling peaks are pre-
sented in the figures in this chapter. Figure 5.19 shows the peaks of first and second
heating in all the accept cottons, one specimen per sample and Figure 5.20 shows sim-
ilarly observed peaks with similar sampling, but with uncleaned cottons. The peaks at
approximately 10-minute mark are attributed to moisture evaporating from cotton (Trivedi
et al. 2015) and can be seen in all the samples at approximately 80-100 °C (Appendix
D). For a closer look, all the accept and uncleaned cottons with three specimen each are
presented on their own in Appendix D, and selected curves are presented in Discussion

in chapter 6.1.5 Fibre composition.

On top of the moisture evaporation peaks, some peaks are observed on higher temper-
atures. These peaks are more pronounced for the uncleaned samples than they are for
accept samples, and no peak during second heating can be obtained for REF-CO, PRE-
KNIT or PRE-WOVEN (Figure 5.20). Figure 5.19 shows that the computer determined
certain peaks for all the accept cottons, but looking at the shapes of the heating curves,
the peaks for REF-CO, PRE-KNIT and PRE-WOVEN are more subtle than for the post-

consumer cottons.

DSC /(mW/mg) Temp. /°C
| exo accept "
| ! / s | 300
10 e .co Peak: 287.3 °C; 0.5033 mW/mg ;
Peak: 161 3/6 06231 mW/mg BERLS Peak: 181.1 C'_O 5275 mW/mg //
Peak: 2794.°C; 0.5382 mW/mg PRE-KNIT Peak: 253.1 °C; 0.507-mWimg_ /-"
0.8 1 Peak: 279 6 °C:/0.4924 mW/mg Peak: 242.7 °C; 045068 mWmg / 250
J PRE-WOVEN : = P4
_ 5 f P
0.6 o /| pre21 ! 200
0.4 £ wg] 3 | 150
.'/l“ {-, 383 W
0.2 Peak: 253.6 °C; 0.4684 mW/mg pOST-n Peak: 250.5 °C; 0.3895-mWim 100
72 Peak: 253.4 °C; 0.6511 mW/mg POST-s  Peak: 246.8 °C; 05331 mW/m /
B . 2 50
021 o 7
3 0
0 20 40 60 80 100
Time /min

Figure 5.19: The DSC heating curves for accept samples of each cotton quality.
The graphs and their detected peaks are displayed in sample-coordinated col-
ours displayed in the picture.
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Figure 5.20: The DSC heating curves for uncleaned samples of each cotton qual-
ity. The graphs and their detected peaks are displayed in sample-coordinated
colours displayed in the picture.

5.6.2 FT-IR results

The three spectra for REF-CO accept specimen are presented in Figure 5.21. The broad
peaks at 3331 cm™ have earlier been identified as the stretching vibrations of intramo-
lecular hydroxyl groups in other studies researching cellulosic materials (Hospodarova,
Singovszka & Stevulova 2018; Tamanna, Belal, Shibly & Khan 2021; Lourdin et al.
2016). All the studied materials in this report showed the said peaks. Due to excessive
amount of data, all the FT-IR spectra are presented in Appendix E, and selected spectra

are presented in Discussion in chapter 6.1.5 Fibre composition.
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Figure 5.21: The FT-IR spectra for REF-CO (accept) specimen.
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5.6.3 SEM observations

Figure 5.22 shows selections of fibres in three different samples. Some of the pictured
fibres do not have the typical cotton convolutions that can be seen throughout most of
the samples, which indicates there are man-made, synthetic fibres involved. In Figure
5.22 (centre) and (right) the man-made fibres are in yarn constructions. Man-made fibres
were difficult to identify in the accept samples, and the fibre in Figure 5.22 (left) was one
of the few exposed examples. All the easily visually identified synthetic fibres were in
post-consumer samples. This result suggests that the man-made fibres are often used
in the yarns in the seams of the garments and are therefore not opened as easily as the
fabric. The unopened yarn and neps are easily removed from the fibre blend with the
help of ‘Shirley’ Trash analyser. The full pictures of the cropped pictures of Figure 5.22
are presented in Appendix C: Figures C.23 — C.25.

N

750 um " 100 ym

Figure 5.22: Man-made fibres? SEM images of POST-s accept (left) at 500x
magnification, and POST-s uncleaned (centre) and POST-ea (right) at 200x mag-
nifications. The uncropped images are presented in Appendix C in Figures C.23-

C.25.

Figure 5.23 shows two 500x magnifications of POST-n uncleaned. In both pictures there
are different thicknesses of fibres visible. Cotton is a natural fibre which gives it an intrin-
sic unevenness in length, thickness, and other dimensional properties. The size of the
fibres in the samples can and will, however, affect the mechanical properties, such as
breaking tenacity and breaking elongation, thus resulting in more unpredictability in terms

of processing.
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00—
Figure 5.23: Two SEM images of POST-n uncleaned showing the uneven and de-
viating thicknesses of the fibres.
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6. DISCUSSION

6.1 Experimental results

6.1.1 ‘Shirley’ Trash opening

As described in the text, the ‘Shirley’ Trash Analyzer is used in the industry for the pur-
poses of analysing the foreign matter in virgin raw cotton. In this experiment the machine
was used to clean the mechanically opened cottoni.e., separating fabric pieces and yarn
fragments from opened fibres. Based on masses of accept and reject the efficiency of
opening was calculated. The EFO reaches an 88.1 % rate for the reference cotton,
whereas the MO fibres reach between 44-68 % EFO. During the ‘Shirley’ Trash analysis,
small part from the sample is lost, most likely in form of very short fibre dust. The most
fibres were lost for the post-consumer denim samples POST-n, POST-s and POST-ea,
which have all been opened on the same opening line. POST-B2B is also obtained from
post-consumer waste, and while its ‘lost’ rate is not as high as for the other post-con-

sumer samples, its accept to reject ratio is the weakest between all the samples.

Given that the EFO is measured with ‘Shirley’ Trash Analyzer, Schwippl (2020) reports
an efficiency of opening of >70 % to be desirable in the future. POST-n and POST-s
obtain highest EFO’s in this report, 68 % and 63.6 % respectively, while POST-ea obtains
an EFO at 51.2 %. Provided the fact that POST-n, POST-s and POST-ea were not sta-
tistically significantly different from one another in terms of average length, breaking elon-
gation, tenacity or linear density, it was surprising that their ‘Shirley’ Trash EFO differed
from each other, and it seemed that the use of softener did not have an effect on EFO.
However, the results of the ‘Shirley’ Trash cleaning are based on one sample each, and
more elaborate testing could be performed. Additionally, MO fibres as such were inho-

mogeneous and the sampling procedure may have affected the result.

Interestingly, the darker samples obtained the lowest EFO’s. Utebay, Celik and Cay
(2019) observed in their trials that the mechanical opening of greige cotton resulted in
fewer short fibres than the mechanical opening of dyed cotton fabrics, and the produced
yarn of greige cotton fibres had better strength properties than the yarn with fibres from
dyed fabrics. Similar results were observed in another study (Moghassem 2007), where
three yarns were spun with grey, dyed or a 50-50 blend of grey and dyed virgin cotton
fibres were spun. The study found no significant difference in the breaking elongations

of the different yarns, but the tenacity of the yarn spun with grey fibres was the highest.
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The study reviewed the dyed fibres, or the blend of the grey and dyed fibres also obtained
the most neps, which is most likely due to the mechanical fibre damage caused by the
dying processes. The neps increase the SFC and negatively affect the strength proper-
ties. Figure 6.1 shows the uncleaned cottons next to each other with their respective
EFO’s. The decreasing of EFO with a darkening fibre colour can somewhat be observed
in these results, but more research is necessary to determine the effect of colour. Further
research should consider a higher number of samples opened at the same opening line,

as EFO is an opening line property rather than a material property.

REF-CO | PRE-KNIT | PRE-WOVEN| POST-B2B | POST-n POST-s POST-ea
88.1 % [no result] 53.4 % 44.5 % 68.0 % 63.6 % 51.2%

Figure 6.1 The cottons studied in this report with their respective opening
lines’ efficiencies of opening (EFO).

6.1.2 Fibre length

The fibre length measurements were made with a slightly adjusted weight-based
method, and the results obtained in studies where the number of fibres was recorded are
not directly comparable. According to the standard (ASTM D1440-07), cotton length is
measured with just the first prepared fringe. In this report, the fringe was prepared three
times, as the samples were not combed prior to the experimenting. The aim of preparing
the fringe three times was to get out unparallel fibres, but it may have resulted in a higher

content of short fibres and thus a lower mean length than normally would be observed.

Still, the values from the literary review serve as a reference, as the length measurement
of MO fibres is not standardised, and the many parameters affecting the results must be
considered. It can be noted that with the Suter-Webb comb method used in this study
some of the MO fibres get tangled in the combs, as the MO fibres are not as easy to get
parallel as the longer virgin cotton fibres. The method chosen for this report hints at a
higher SFC than what would be acquired were the standardised method used: by meas-
uring as many fibres as possible leads inevitably to a higher SFC, as many of the short
fibres as possible are forced for length measuring. In the results of this report, the SFC
was found to be between 31.4 and 40.3 % for the MO fibres and 8.2 to 15.2 % for the
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virgin cotton, but for example Yuksekkaya et al. (2016) found the SFC values to be at
11.3 % for MO cotton fibres and 8.4 % for the virgin cotton fibres. The testing by Yuksek-
kaya et al. (2016) was conducted with an Uster HVI instrument, whereas the results in
this report are based on manual measurements. Additional inaccuracy of the method can
be seen in for example the approximated UHML and length uniformity index of the virgin
cotton, as presented in Figure 5.13: REF-CO obtains a UHML of 23.98 millimetres and
a Ul of 64 %. According to commercial reference values presented by the U.S. non-profit
company Cotton Incorporated (2021), cotton fibres with UHML shorter than 25.4 millime-
tres are considered “short”, and a Ul lower than 77 % is “very low”. It is possible that
REF-CO is a cotton fibre of a weaker quality, but it is also possible that the adjusted
measuring system affected the measured average length, ML, UHML and finally Ul. Alt-
hough the fibre lengths could need a re-evaluation with another type of method, it can
be constituted that the fibre length uniformity index suffers a drop from REF-CO to the
pre-consumer cottons, and a further drop moving onto the post-consumer cottons. Fur-
ther evaluation could reveal whether the drop would be more pronounced with a correct

method, for example an optical, automated method.

However, it has been reported that some of the optical methods are unsuitable for testing
of darker, dyed, mechanically opened fibres (Arafat & Uddin 2022) although the testing
of light-coloured MO fibres has been reported successful (Yuksekkaya et al. 2016). The
observations made by Thibodeaux et al. (2008a) confirm that the Suter-Webb array
method gives a higher SFC content variation between cotton bales. According to their
study of virgin cotton bales, they estimate that SFC could be measured more efficiently
with HVI and AFIS systems. On the contrary, Arafat and Uddin (2022) found the use of
HVI systems impossible of MO fibres due to the many unopened threads and neps,

whereas AFIS proved successful.

In this study, the fibre length results showed that the MO fibres are shorter than the virgin
REF-CO: the longest individual fibres for any mechanically opened samples are 25-27
millimetres, while the longest reference fibres are 31-33 millimetres. The fibre length ac-
cumulation was slowest for the REF-CO meaning more of its weight consists of generally
longer fibres than any other sample. REF-CO was statistically significantly different from
all the other cottons. Moreover, PRE-KNIT was statistically significantly shorter than
PRE-WOVEN and POST-B2B. Knitwear was found more difficult to detangle than woven
fabric on a mechanical opening line by e.g., Aronsson and Persson (2020). The effects
of yarn structure were observed in this study, too, as PRE-KNIT obtained the shortest

lengths of all the samples.
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The study by Aronsson and Persson (2020) showed that yarn construction of post-con-
sumer textile waste and its level of wear affect the obtained fibre length. The yarn con-
struction of ring-spun yarns is twisted and therefore tighter than that of rotor spun denim
yarns. As Hailemariam and Muhammed (2022) observed on their experiments, ring-spun
yarns provide with more tensile strength than open-end rotor spun yarns. The twist of
the ring spun yarn may very well be the main factor affecting the tensile strength of a
yarn, but unfortunately it results in poor opening of the yarns. The yarns and textile
shreds are under the stretching motions caused by the cylinders in the opening line, and
a looser structure can be more beneficial. Aronsson and Persson (2020) described how
the rather worn garments did not obtain as drastic fibre length losses as the barely worn
garments, suggesting that the worn-out structure can be seen as an advantage in me-
chanical textile recycling. The wearing-out of fabric structures while in use can result in
loosening of the textile structure and therefore both reduce the friction and make it easier

for a single fibre to separate in mechanical action.

Although, in this study, PRE-KNIT obtains visibly the lowest mean lengths in total (Figure
5.13) and its fibres are weighted on the short side (Figure 5.10), its uniformity index is
the third highest of all the observed mechanically opened qualities. The said fibre is de-
signed to be used in recycled textile products, which partly proves that even a short fibre
is suitable for use if its properties (i.e., length) are controlled. When the length is con-
trolled, the behaviour of the cotton fibres in spinning can be approximated, thus resulting

in regular qualities of yarn.

Conclusively, the results for the reference fibre differ from the other fibres: the obtained
fibre lengths are approximately longer, and the weight of the fibres left unmeasured is
lower, as can be seen in Figures 5.10 — 5.12. Arguably, the MO fibres contain some
unopened threads that weaken the result. Most of the unopened threads are removed in
the ’Shirley’ Trash cleaning. Still, some of the unopened threads are left in the ‘accept’
sample, which ultimately results in them being either neps or threads in length measure-

ment.

6.1.3 Tenacity, breaking elongation, linear density

As described in chapter 5.3 Tensile testing results, some of the individual tensile testing
results were removed from the measurements. Figure 6.2 shows the curves for the 20
specimens measured off sample POST-ea. It was due to the varying results that the
individual fibres were looked at more closely, and it was decided to drive the coefficient

of variation between the fibres down. Hence, the most deviating fibres were removed



59

from the results to better indicate the properties of the cotton fibres in the recycled fibre
samples. For POST-ea the c, was 0.82 before the selection, and 0.38 after removing
four of the most deviating fibres still visible in Figure 6.2. The selection and removal of

the fibres is specified in Appendix B: Table B.7.

However, it is crucial to recognize two things; most likely there are other fibres than cot-
ton in the recycled bundles, and whether there are more deviating fibres in some samples
than others. It could be suggested that the deviating fibres in POST-ea (Figure 6.2) are
for example polyester and elastane, which are widely present in jeans (Yousef et al.
2020). The breaking elongations of 10 % or more are uncommon for cotton, and more
common for selected synthetic fibres (Tables 6.1 and 6.2). POST-ea is also the sample
with the lowest control in material composition i.e., it is collected as “denim with up to 10
% other fibres”. Therefore, it is safe to assume that not all the fibres in the sample are
cotton. Instead, sample POST-B2B is a more controlled post-consumer sample. How-
ever, even some of its individual fibres showed deviation in breaking tenacity and elon-
gation (Figure 6.3 and Table B.4 in Appendix B) which led to the removal of some of the

individual fibre results for a closer cotton property inspection.
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Figure 6.2: The tensile testing curves for POST-ea with 10-mm gauge length;
20 specimen
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Figure 6.3: The tensile testing curves for POST-B2B with 10-mm gauge length;
20 specimen.
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The smallest number of deviating fibres in tensile testing results were obtained for PRE-
KNIT, PRE-WOVEN and POST-n with the 10-mm gauge length (Table 5.1 and Appendix
B: Figures B.1 — B.7). Interestingly, the reference cotton received initially a ¢, at approx-
imately 0.75 with the 10-millimeter gauge length and that of 0.6 with the standardised
20-millimeter gauge length (Tables B.1 and B.8 in Appendix B). Table 6.1 shows how
the removed fibres mainly affect the elongation, suggesting there is little difference in the
tenacity and linear density of the individual REF-CO fibres. The greatest singular elon-
gation for REF-CO is at 16.12 % (Table B.1 in Appendix B), which is rather too high for
cotton (Morton & Hearle 2008, p. 290; Cotton Incorporated 2021).

However, the rather considerable ¢, between the individual REF-CO fibres, the mean
breaking elongations, tenacities, and linear densities of the REF-CO fibres fall somewhat
within the limits presented by Morton and Hearle (2008, p. 290) and Textile Learner
(2022), as can be seen in Table 6.1. The standard 20-mm gauge distance gives lower
values than the 10-mm gauge distance. Furthermore, selecting specimen i.e., removing
some of the measurements generally lowers the values.

Table 6.1: REF-CO tensile testing results of both 10- and 20-mm gauge lengths
and reference values from literature. Put together from Tables 5.1 and 5.2.

sample all specimen selected specimen
n | breaking linear n | breaking linear
elongation | tenacity | density elongation | tenacity density
(%) (cN/dtex) | (dtex) (%) (cN/dtex) | (dtex)
REF-CO
10 mm 10 | 7.40 1.91 2.18 6 ]4.10 1.97 2.19
REF-CO
20 mm 10 | 3.85 1.35 1.67 8 ]2.90 1.19 1.63
Reference values for virgin cotton in literature at 10-mm 1.90-
gauge distance (Morton & Hearle 2008, p. 290) 5.60—7.10 | 4.50
Commercial reference values (Textile Learner 2022) 5-10 2.5-5 1-4

The standard gauge length of 20 millimetres (SFS EN-ISO 5079:2020) is set for cotton
fibres that are often at least 15 millimetres long, and often the most popular cotton vari-
eties are even longer. The standard, however, states that the gauge length can be al-
tered to 10 millimetres, although the results may not be as reliable. In this study, the
average length of REF-CO was 18.84 mm. The tensile testing is also often performed
with samples of multiple fibres in a tuft (SFS EN-ISO 5079:2020), which was not possible
with the rare number of suitable fibres. It is estimated that when measuring a longer fibre,
it is more probable that the weak point of the fibre is present in the testing area and vice
versa (Rollins 1965). This may partly explain why the tenacity results for the longer REF-
CO samples are weaker than for the shorter samples. Moreover, cotton’s quality is dif-

ferent from plant to plant which may give a high, yet acceptable coefficient of variation.
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The fibre length results implicated that not all MO fibres could be measured with the
longer, 20-mm gauge length. For the 20-millimetre distance the fibres should be at least
20 millimetres long and cover the size of the gauges i.e., approximately 26 millimetres
and longer. In the end, only POST-B2B and POST-s of the recycled fibres had enough
of longer fibres to be able to execute the testing with 10 samples. PRE-WOVEN was
tested with a few fibres but regardless of its overall fibre length results the testing proved
unsuccessful. The main reason for this is probably that the other samples (apart from
PRE-WOVEN) were measured for their length prior to tensile testing and therefore longer

fibres were in bunts, i.e. more easy to be found.

POST-B2B was more difficult to measure than POST-s with the 20-mm gauge distance.
Considering the length results, this does not make sense, but it could be explained with
e.g., the more homogenous fibre composition of POST-B2B, the more composition-wise
controlled post-consumer cotton. POST-s is most likely a fibre blend, and it could be that
the synthetic staple fibres were longer from the beginning. This can be seen in the vary-
ing shapes of the force-strain curves in Figure 6.4. Similarly, the elongations of speci-
mens #5, #6 and #7 are rather high for cotton, as cotton obtains elongations between

5.6 — 7.1 % depending on its type and growth area (Morton & Hearle 2008, p. 290).
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Figure 6.4: The tensile testing curves for selected POST-S specimen with 20-
mm gauge length.

Table 6.2: Some common textile fibres’ tensile properties reviewed by Morton
and Hearle (2008, pp. 290, 292).

Fibre Tenacity (cN/dtex) Breaking elongation (%)
Cotton 1.9-4.5 5.6-7.1

Viscose rayon (high-tenacity) | 4.1 12

Nylon 6.6 (medium-tenacity) | 4.8 20

Polyester (Terylene) (me- | 4.7 15

dium-tenacity)

Acrylic (Orlon 42 staple-fibre | 2.7 25
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Based on the curve form, the specimen #10 displays a common cotton tenacity and
elongation, while the other fibres could be polyester, viscose, polyamide or acryl consid-
ering their shape and higher tenacity and elongation. Table 6.2 reviews different tenaci-
ties and breaking elongations of some common textile fibres for comparison. Addition-
ally, the selecting of the test specimen is supposed to be random, and it could be pure
luck, that the longer of the POST-s fibres were picked up and tried out for the tensile
testing. This is supported further by the detail that POST-s has similar fibre lengths to
POST-n and POST-ea, both of which proved unsuccessful with the longer gauge length.

Although the literature regarding the tensile testing of fibres is scarce, the reviewed re-
search in chapter 3.2 Fibre fineness and tenacity of mechanically opened fibres and the
results presented in this report show that the breaking tenacities, elongations, and linear
densities do not differ significantly between the virgin cotton fibres and MO cotton fibres
in general. In chapter 5.4 Statistical analysis results, it was concluded that the only pair-
wise comparison proving statistically significant difference was between the elongation
values for samples PRE-KNIT and POST-ea. Moreover, the differences in tenacities and
linear densities were insignificant. The results suggest favourable tensile properties re-

garding spinning feasibility.

6.1.4 Surface inspection

The SEM picturing is an accurate, yet time consuming process when executed properly.
Some defects may be sought after, while some may be found spontaneously. In this
experiment, an interesting spot was first searched for, and then images from that area

were taken with the previously discussed settings.

Generally, the surfaces of many of the MO fibres do not look more worn out than the
surface of reference cotton. However, there are some scarce occasional surface defects.
The MO fibre samples, especially the post-consumer samples seem to be dirtier than the
pre-consumer samples. Additionally, it seems that most of the pictured defects were
found in the post-consumer samples. It could be suggested, that for example the abra-
sive defects on the surface of the fibres are somewhat due to the wear and laundering
part of the fibres’ previous lifecycle. Palme et al. (2014) suggest that the wet abrasion
during laundering causes fibrillation, and dry abrasion during tumble drying causes
cracking of the fibres. The same abrasive defects can be found in many of the mechan-
ically opened post-consumer samples, and the additional bedsheet sample. Some abra-
sive defects may be noticed on the PRE-KNIT fibres, suggesting there could be differ-

ence between the knit vs. weave opening. However, the abrasive type of surface defect
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is scarce, and so are any other defects. Other types of defects include torn fibre ends

and slashing.

6.1.5 Fibre composition

Denim is a cotton-rich fabric, although polyester and elastane are widely present in jeans
(Yousef et al. 2022). Sometimes viscose fibres or other cellulosic fibres such as hemp
or linen may be blended with cotton to obtain special types of denim (Paul 2015, p. 2).
Thus, it was plausible to assume that the samples in this study contained mainly cotton,
but other materials as well. The aim of the DSC and FT-IR studies was to verify the cotton
rich composition of the samples, and to additionally study if these methods were able to

identify any other materials in the samples.

The DSC curve for the reference cotton, as well as the curves for the pre-consumer
cotton samples PRE-KNIT and PRE-WOVEN were lacking any melting points, thus sug-
gesting the composition for these samples is 100% cotton or made up of e.g., other cel-
lulosic or non-synthetic material. Figure 6.5 shows all the observed heating curves for
REF-CO, PRE-KNIT and PRE-WOVEN (accept). The water evaporation peak around
80-100 °C was seen during the first heating and then, during the second heating it was
absent, as expected. It should be noted that the PRE-KNIT and PRE-WOVEN samples

did not contain any sewing threads as the material was obtained from opened fabrics.
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Figure 6.5: The DSC heating curves for the 15t and 2" heating of REF-CO and
pre-consumer cottons. The graphs are colour-coordinated according to the data
above the graphs.

The DSC results showed melting peaks for samples POST-B2B, POST-n, POST-s and
POST-ea (Figures 6.6 — 6.9). These results showed what was suggested and partly
known; the post-consumer samples included both cotton and other fibres. Figure 6.6

shows the behaviour of the accept samples of the post-consumer cottons during the first
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heating, and Figure 6.7 the behaviour of those during the second heating. The uncleaned
samples of the post-consumer cottons are presented in similar manner in Figures 6.8
and 6.9.

The melting peaks at around 250 °C were present both in the first and second heating.
For example, polyester (more specifically polyethylene terephthalate) has typical melting
peaks around 530 — 540 K (i.e., 256 — 266 °C) (Kong & Hay 2003). This may be the case
also in this study, as polyester is a common material in denim. However, based on the

results presented here, other synthetic materials cannot be ruled out.
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Figure 6.6: The DSC heating curves for the 15 heating of all post-consumer cot-
tons (accept). The graphs are colour-coordinated according to the data above

the graphs.
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Figure 6.7: The DSC heating curves for the 2" heating of all post-consumer cot-
tons (accept). The graphs are colour-coordinated according to the data above
the graphs.
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Figure 6.8: The DSC heating curves for the 1t heating of all post-consumer cot-
tons (uncleaned). The graphs are colour-coordinated according to the data
above the graphs.

DSC /(mW/mg)
| exo 2nd heating, pre-Shirley Trash samples
0.8 Peak: 254.5 °C; 0.651 mW/mg
POST-n Peak: 254.0 °C; 0.462tmW!/mg _
POST-s E o "y
0.6 Peak: 253.3 °C; 0.4072 mW/mg

Peak: 253.0 °C; 0.3788-mW/mg

0.0 1

A Peak: 260.3 °C; 0.1351 MWimg
Peak: 23.8 °C; 0.3742 mW/mg Peak: 252.6 °C; 0.01902 mW/mg
-0.2 -
0 50 100 150 200 250 300

Temperature /°C

Figure 6.9: The DSC heating curves for the 2" heating of all post-consumer cot-

tons (uncleaned). The graphs are colour-coordinated according to the data
above the graphs.

The curves for the post-consumer samples showed more energy-requiring melting peaks
for the thread samples (i.e., uncleaned) than for the accept samples, 0.84 m\W/mg and
0.65 mW/mg as average during the first heating, respectively. One reason for this could
be that the uncleaned specimens were chosen so that it was prioritised to pick unopened
yarns. These yarns could be the seam yarns that are often polyester even if the clothing
would be made of cotton fabric. Other possible explanation is that the unopened yarns
are denser, which requires more energy to melt them. All in all, the peaks look less en-
ergy requiring for the accept samples, compare Figures 6.6 and 6.7 with Figures 6.8 and
6.9, suggesting that the ‘Shirley’ Trash treatment removes a small deal of synthetic fibres
from the blend.
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The SEM pictures supported the suggestion, as it was noticed it was more difficult to find
polyester or other synthetic-shaped, round, fibres on the accept samples, than it was to
find them on the uncleaned samples. Even with the latter mentioned samples, the sup-
posed polyester fibres were often parts of the building material for the yarns and thus the

accept fibres may have obtained smaller melting peaks on the DSC.

As FT-IR is a qualitative method, the spectra must be very carefully analysed. Certain
peaks can be attributed to a material, while some other material might be present and its
peaks be suppressed by the other, dominating material. One of the materials may be
dominating due to its relatively higher contents or better position in front of the IR beam.
Therefore, FT-IR offers only qualitative analysis, and while certain materials’ presence
in the sample may be possible to confirm with a cross-examination, it is difficult to rule
out a presence of another material. The peaks of FT-IR results can be compared with

ATR-FT-IR results although the two methods are differently executed.

The typical cotton peaks can be seen in many of the samples. The peak at 1428 cm™’
can be attributed to the -CH and -CHz, and C=0 bonds’ vibrations (Hospodarova, Sing-
ovszka & Stevulova 2018). The FT-IR spectra for all the samples show an approximate
equivalent at either 1426 or 1427 cm™'. Other relevant peaks for cellulosic materials are
the peaks where for example the C-O-C bond is stretching. These peaks have been
found to be at 1155 cm™ (Carrillo, Colom, Sufiol & Saurina 2004) or at 1164 cm™ (Rosa
et al. 2010). Similarly, the stretching of the glucose rings can be found at approximately
1111-1114 cm™ (Carrillo et al. 2004, Rosa et al. 2010). Peaks around these areas can
be found in all the samples, implicating the samples contain cotton, as expected. Figure

6.10 shows one of the cotton specimens with the described peaks.

Peets et al. (2019) found peaks for cotton at 3423, 2904, 1647, 1130, 1091 and 898
cm-' with r-FT-IR method, and 3336, 2920, 1732, 1055, 1034 and 903 cm™' with mATR-
FT-IR. The said report researched whether r-FT-IR serves as a comparable method to
MATR-FT-IR in fibre identification and concluded that it does. As an example, The REF-
CO specimen #2 in this experiment display comparable peaks at 3333, 2899, 1644,
1053, 1029 and 897 cm™ (Figure 6.10). The proposed mATR-FT-IR peak at 3336 cm™’
(Peets et al. 2019) is close to the peak at 3333 cm™" while the proposed r-FT-IR peak at
1647 cmis closer to the peak at 1644 cm™ and no comparable peak has been obtained
with the mATR-FT-IR method. Among others, Hospodarova, Singovszka and Stevulova
(2018) and Rosa et al. (2010) report that peaks around 1633 to 1648 cm™ could be due
to the O-H bonds of water molecules in cellulosic fibres, and the broad band at approxi-

mately 3200-3400 cm™" can be attributed to the stretching vibration of the hydrogen group
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(Chen, Zhao, Wang & Wang 2013). The fibres were not dried prior to the testing so it is
reasonable to assume that the obtained peaks at 1622-1645 cm™ and 3333 cm™ are

results of the intrinsic moisture in cellulose.

Looking for cotton, it should also be noted, that cellulosic fibres are difficult to tell apart
with the help of IR methods due to their similar chemical composition (Peets et al. 2019).
Therefore, it can only be assumed that most of the samples give the FT-IR spectrum for
cotton, although sometimes viscose fibres or other cellulosic fibres such as hemp or linen
may be blended with cotton to obtain special types of denim (Paul 2015, p. 2). Cura et
al. (2021) found similarities in the FT-IR spectra of mercerised cotton and viscose, which
makes it more difficult to tell the two apart just by using FT-IR or DSC. The viscose peak
at approximately 3300 cm™' is often round, whereas the cotton has a double peak at that
wavelength (Vahur, Teearu, Peets, Joosu & Leito 2016). Moreover, cotton exhibits more
peaks between 950-1100 cm™ than viscose (Vahur et al. 2016). Due to the small con-
tents of viscose in presumably cotton-rich samples, the presence of viscose is difficult to

show.
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Figure 6.10: The FT-IR spectrum for REF-CO #2.

The peaks visible between 1709 to 1713 cm' can be identified as the strong, symmetrical
C=0 bonds of the aromatic ring of the polyester chain, usually vibrating at 1712 cm™’
(Ghosh, Roy & Singh 2021; Parvinzadeh & Ebrahimi 2011). These peaks can be seen
in almost all the post-consumer samples, but none in the pre-consumer samples or the
REF-CO sample spectra. For some of the post-consumer samples the carbonyl peak
can be seen in the accept samples, and for some in the reject, see Figures 6.11 and
6.12. Additionally, many of the specimen displaying the ~1712 cm™" peak also display a

slight peak at approximately 871 cm™ which is said to be due to the strong out-of-plane
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vibrations of the C-C bonds in the polyester's benzene ring (Parvinzadeh & Ebrahimi

2011). This slight peak can be detected at 872 cm™ in for example Figure 6.12.
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Figure 6.11: The FT-IR spectrum for POST-s-accept #2.
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Figure 6.12: The FT-IR spectrum for POST-n-reject #2.

The peak between 1627 and 1630 cm™ on all of the PRE-WOVEN, POST-B2B-accept,
POST-n-reject and POST-s samples (Appendix E: Figures E.3 —E.5 and E.8 — E.10), as
well as on occasional POST-B2B-reject, POST-n-accept and POST-ea samples (Appen-
dix E: Figures E.6 — E.7 and E.11 — E.12) could be due to C=0 stretching of the indigo

dye (Baran, Fiedler, Schulz & Baranska 2010). However, the most intense peak covered

with ATR-IR at 1065 cm™ caused by indigo’s five-membered carbon ring (Baran et al.

2010) is not intensely visible in the FT-IR spectra in this experiment. Should there be

indigo dye in the fibres, it can remain undetected due to the low level of dye in the fibres

and the nature of low IR absorbance by components that comprises of less than 5 % of
the material (Goodpaster & Liszewski 2009). Still, it is likely that the peak at around 1627-



69

1630 cm™ is attributed to the indigo dye. The suggestion is further supported by the ab-

sence of the same peak in samples REF-CO (white virgin cotton) and PRE-KNIT (dark

blue knit), and by the narrow presence in sample POST-ea (black denim). The peaks at
1622, 1644 and 1645 cm™ for the respective REF-CO specimen can be attributed to

cotton’s moisture, as discussed earlier. The indigo peak is close to the moisture peak,

so it is not possible to exclude the possibility of other dyes in the samples, nor is it to

exclude the presence of indigo, see Figures 6.13 — 6.15 for reference.
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Figure 6.14: The FT-IR spectra for PRE-WOVEN-accept specimen. The peaks
at 1627-1628 cm™ may be due to O-H bonds of moisture or indigo dye.
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Cincinelli et al. (2017) experimented with microfibres found in the sea and reported that
only 2.9 % of the rFT-IR examined fibres were polyamide. The characteristic peaks for
polyamide are made up by the N-H bonds stretching, the amides I, Il and Ill, and the CH>
bending and twisting (Porubska et al. 2012; Pockett 2004 se Cincinelli et al. 2017). The
same study reported an intense peak at 3291 cm™ attributed to the stretch of the N-H
bond and other significant peaks at 3050 and 1722 cm™' for the polyamide microfiber.
These peaks are not clearly visible on any of the spectra in this experiment, see Appen-
dix E. According to the study, it has been earlier noted that mapping polyamide with the
r-FT-IR method can be difficult due to the uneven surface of the PA fibres causing pos-
sible scattering of infra-red light (Tagg et al. 2015 se Cincinelli et al. 2017). Although
polyamide could be used in jeans, its total market share of the textile fibre manufacturing
is 5 %, while polyester carries a total of 54 % of all fibre manufacturing (Textile Exchange
2022). This means that even though polyamide was present, it is possible it could be

used in small fractions only.

When it comes to elastane, it is more complex to point out its presence. The relevant
peaks for ether-based polyurethane are at around 3454, 3317, 1730, 1705, 1600, 1532
and 1102 cm™ (Boschmeier, Archodoulaki, Schwaighofer, Lendl & Bartl 2023). The
peaks at 1730 cm™ and 1705 cm™ are attributed to carbonyl and can be thus found in
e.g., polyester too. The peaks at 3454, 3317, 1600 and 1532 cm™ are due to the N-H
bindings stretching and bending and can be thus found in polyamide or protein fibres,
such as wool and silk. The peak at 1102 cm™ is caused by the stretching of the ether-
based C-O-C binding (Boschmeier et al. 2023). None of the spectra in this experiment

show pronounced peaks that speak for the presence of elastane, but it needs to be noted,



71

that elastane is only fractionally present in the samples, and the other dominating mate-

rials could suppress its peaks.

The resonating spectrum between 1800-2400 cm™ is common for both cotton and poly-
ester (Vahur et al. 2016). It is notable in all of the samples, yet only in the POST-s spec-
imen the computer has picked up peaks near 2165 cm™', see Figure 6.16. POST-s is the
softened sample, which may indicate a different behaviour and therefore sharper pro-
nunciation of the aromatic rings due to the softener in this sample. However, also poly-
acrylic fibres display a peak at 2243 cm™ (Peets et al. 2019) which may give insight into

the material composition.
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Figure 6.16: FT-IR spectra for POST-s reject.

6.2 Fibre feasibility for spinning

The results obtained in the experimental part of this report show reduced length, reduced
uniformity and higher SFC for MO fibres than virgin cotton. Tenacity, breaking elongation,
and linear density are not observed to decrease as strongly. In yarn production, length,
fineness, and tenacity of the fibre are said to play the most important role. Open-end
spinning is the more suitable method for MO fibres than ring-spinning, as it is more suit-
able for the high SFC (Heikkila et al. 2023).

Rabbi et al. (2023) spun 9 different open-end rotor yarns and found that the mass varia-
tion in yarns increases when the percentage of post-consumer waste-derived fibres in-
creases. They suggest this is likely due to reduction in fibre length, SFC, uniformity and
fineness of recycled fibres. In several studies, the yarns with MO fibre content were
coarser than yarns with 100 % virgin cotton fibres. For example, Lindstrom et al. (2020)

were able to spin a yarn with 100% MO opened fibres with a 92-tex fineness, while Arafat
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and Uddin (2022) and Utebay, Celik and Cay (2023) were able to spin a finer yarn of
approximately 20 tex using a blend of virgin cotton and MO fibres. The requirement for
fineness of the yarn is relative to its end use. As it has been stated, knitted products such
as t-shirts are often spun with finer yarns, whereas denim or home textiles could be pro-

duced with coarser yarns.

The results in this report suggest there is a necessity in developing methods for control-
ling the fibre length. While Lindstrom et al. (2020) found a method of increasing the fibre
length with the help of a lubricant, similar results were not found for POST-s sample. The
optimisation of the amount and concentration of softeners used in the opening line, and
optimisation of the point where they are applied are further challenges to solve. Moreo-
ver, the cotton industry lacks a suitable manner of quantifying the SFC. The problem with
high SFC is also identified for virgin cotton, and it leads to decreased strength of yarns.
It is possible and rather necessary that a method for quantifying the short fibre contents
of recycled fibres is developed. With the current methods, the SFC is sometimes difficult
to measure, and when measured, it is rather too high compared to virgin cottons, and
the economic value is thus decreased. The motivation to use recycled fibres could be

changed through different methods.

On the other hand, the examined tensile properties of the MO fibres in this report do not
indicate a poorer suitability for spinning than virgin fibres. There are multiple literary
works showing the MO fibres can be used in yarn spinning blended with virgin fibres
resulting in functioning yarns. The question remains whether the MO fibres can be used
in yarn spinning on their own, and it seems that fibre length is the most limiting factor. As
the short fibres do not give any added value in yarn spinning, they become a component
that is not economically viable. For spinning, it would be suitable to find a method to
separate the shortest fibres of the MO fibre. Otherwise, there could be a classification
system which estimates the value of the SFC level, thus giving the different SFC-% dif-
ferent economic value. This would leave more responsibility to the buyer of MO fibres

and the producer of MO fibre products.

6.3 Classification of recycled fibres

Currently recycled textile materials, especially from post-consumer textiles, are often
downcycled and innovations in using recycled textile materials are hindered by the lack
of common, clear material classification. Additionally, as presented in chapter 2.3.2
Change towards eco-design, the unreliability of the care labels sets a challenge for the

manual sorting and results in an uneven quality of obtained recycled fibre.
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The table 6.3 shows a conclusive result table for the virgin cotton and the mechanically
opened cotton fibres chosen for study for this report. The cotton qualities and their prop-
erties tenacity, fibre length, length uniformity, cleanness, and the efficiency of opening
(EFO) are evaluated on a traffic light system, where green indicates a good or a strong
property, orange is a medium quality and red indicates a bad or a weak property. The
quantified values are presented where possibly. The colour grading is subjective to the
findings in this report. For example, a fibre uniformity index of 80-82 % is considered
average in the industry, and anything below 77 % is considered very low (Cotton Incor-
porated 2021), but the length measurements done for this report may have influenced
the Ul so that also the REF-CO falls under the lowest Ul category. Therefore, the highest
Ul's obtained in the experiments are marked with green, even if objectively the results
are not as strong as for virgin cotton fibres. The tenacities are considered good for all
the MO cottons, the fibre lengths better for pre-consumer woven cotton and post-con-
sumer cotton with controlled contents, the length uniformity is overall better for the more
controlled cottons, and the cleanness is poorer for the post-consumer samples. The
cleanness is a material property that was not quantified in this report, but a property that

was visible in the SEM pictures.

Table 6.3: Conclusive characterisation results. Some fibre properties of MO
fibres presented with a traffic light system grading. The REF-CO is presented for
comparison.

PRE- pre- production | knit 100
KNIT consumer | scraps
PRE- pre- production | woven 100

WOVEN | consumer | scraps

POST- post- controlled | woven 100**
B2B consumer | (B2B etc.)
POST-n | post- municipal woven > 98

consumer collection

POST-s | post- municipal woven =98
consumer collection

POST- post- municipal woven =90
consumer | collection

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
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As noted, the colour grading is subjective, and only based on the results of this report.
For example, the PRE-KNIT fibre may suffer a shorter fibre length than the other MO
fibres, but its length uniformity is better than that of the post-consumer fibres. Jamshaid
et al. (2021) have earlier reported a low Ul leads to yarn irregularities. The different fibre
lengths may also cause slippage of fibres during spinning, thus resulting in weaker yarns
and more difficult spinning processes. The fibre slippage can sometimes be avoided by
increasing the twist and tying the fibres tighter together (Lord 2003). Higher twist also
increases the tenacity of the yarn. However, increasing and controlling the twist is more
difficult in rotor spinning than in ring spinning (Tyagi 2010). This leads to fibre slippage
and e.g., lower tenacities. Mechanically opened fibres are often spun into yarns with rotor
spinning, suggesting fibre slippage is inevitable, but easier to control with better uni-

formity indexes between the fibres used in spinning.

However, uniformity index is only one property of textile fibres. The variety of properties
for MO fibres and the variety of reasons behind the properties make it difficult to set
numerical limits for a property and grade the MO fibres purely objectively. It also makes
it controversial to set the fibres in an order where one quality is better than another. Good
properties depend on the desired output product and therefore quality is subjective to a

certain limit.
The results in this report suggest following summary of characterisation:

i) The tenacities of the MO fibres are enough to be used in yarn production, and

there were no samples found statistically significantly different in this study,

i) the fibre length, which is affected by multiple factors, is the most important

parameter in added value and further processing,

iii) the length uniformity ensures an even yarn regularity and quality in terms of

fibre length,

iv) the efficiency of opening depends greatly on the opening line parameters and

settings, but also on the fabric and yarn structure of the waste textile,

V) and that the cleanliness is easier to control in pre-consumer cotton qualities,
making them suitable for more applications and thus possibly more econom-

ically viable.

The pre-consumer fibres could be more economically viable because their compositions

are easier to control, and they are cleaner than post-consumer fibres. MO fibres made
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from pre-consumer textile waste are made from fabrics and yarns, while MO fibres made
from post-consumer waste are made from garments that contain embroidery, care labels,
seam yarns etc., see Figure 6.17 for reference. For example, embroidery covers only a
small fraction of the whole garment weight, and therefore its material does not have to
be reported in the care label®. In other words, it is difficult to avoid the blending of other
fibres in the MO fibre that is made from garments. The pre-consumer textile waste ob-
tained fibres further lack the use-phase and are thus less prone to breakage, as it was
shown by Palme et al. (2014) that laundering will have a negative effect on the fibre

integrity.

Figure 6.17: Picture of uncleaned, mechanically opened PST-BZB fibres. The
pictured cotton quality is a post-consumer MO cotton made from workwear gar-
ments, collected as 100 % cotton. The unopened yarns could be from embroidery
or seams, and the white, torn care label at the left-top of the fibre tuft shows pre-
consumer fibres often include other articles than the fabric material.
Drawing conclusions about the input textile materials and their effect on spinnability and
output fibre properties is challenging. The results in this report suggest the PRE-KNIT
sample has shorter fibre length than any other MO fibre, but it is a fibre that is already in
use in the industry. There are a few reasons behind the shorter fibre length, and based
on the results in this report, it is impossible to say all fibres obtained from knitted fabrics
behave similarly. Aronsson and Persson (2020) observed the denim structure was easier
to unravel than knitted fabric, but suggested this is due to the coarser yarn structure often
used in denim fabrics as opposed to the tight ring spun yarns often used in knitted gar-
ments. One more factor affecting the fibre length is the colour of the collected textile

waste. Utebay, Celik and Cay (2019) observed the SFC was higher for MO pre-consumer

®0JL272,18.10.2011, p. 7
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knit fibres that were dyed than for those who were unprocessed. However, Table 6.3
lacks colour as one of the controlled parameters as there was not enough data to prove
its effect on the obtained MO fibre.

The EFO that was discussed in chapter 2.2.3 Degree of opening is an important property
of the obtained fibre, as it directly affects the quality of the yarn: when the EFO is low the
yarns become more uneven and are more prone to breakage. However, the yarns can
be cleaned in the combing stage or separately with the help of ‘Shirley’ Trash Analyser
to avoid bulky yarn. The low EFO means thus that there is less material to take ad-
vantage of, and therefore a low EFO is economically unviable. It is, however, impossible
to determine EFO based on only these experiments and the number of specimens. The
goal with reporting EFO in this report is to explain the differences in the opening lines

and its direct effect on the total amount of opened fibre.

Importantly, the conclusive results presented in Table 6.3 are based on the experimental
results of this study, and its columns are limited to the chosen parameters and properties,
even though multiple aspects could be examined. Although the conclusions are stated
earlier in this chapter, it could eventually be difficult to make such assumptions to cover
all opening lines and all cotton fabric types. A qualified classification of the MO fibres
should somehow consider all aspects, or otherwise it may be neglecting crucial proper-

ties and create a status where one MO fibre type is more favourable than others.
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7. CONCLUSIONS

This report focuses on the challenges regarding mechanically opened textile fibre waste
and the characterisation of a selection of MO cotton fibres. The collection of textile waste
is going to be mandatory on an EU-level from the beginning of the year 2025, although
there are still no set strategies on how to utilise the collected waste. Mechanical recycling
can be beneficial because it allows for recycling of fibre blends and worn-out textiles,
and it can be more economically efficient and environment-friendly than chemical recy-
cling. The disadvantages of mechanical recycling are related to the poor reputation and
unpredictable quality of its output fibres. This report contributes to the increasing data of
the properties of MO fibres, and the research about the characterisation methods. Qual-
itative research increases the value of the MO fibres and allows for an efficient fibre-to-

fibre recycling.

Suter-Webb array method, used to characterise fibre length and length distribution,
proved successful and results enabled the comparison of the different cottons with one
another. However, the measuring of fibre length of MO fibres manually, such as the
Suter-Webb array method used in this report is a time-consuming process. Additionally,
the comb-based fibre length measuring technique used in this study might not be as
accurate as the modern electronic machines. All in all, the length results suggest that
MO fibres are always shorter than virgin fibres, as expected. Moreover, the post-con-
sumer fibres were rather similar, and the only MO cotton quality with a shorter fibre length
according to the statistical analysis is PRE-KNIT. The average length of PRE-KNIT was
found statistically significantly different from PRE-WOVEN and POST-B2B. However,

the number of average length values per cotton in the analysis of variance was small.

It was possible to measure the mechanical properties of MO fibres. Surprisingly, there
were no clear differences between REF-CO and mechanically opened samples. There
were no notable differences in the measured values, and especially the linear densities
show favourable similarity. The greatest disadvantage with measuring the breaking te-
nacity, elongation, and linear density of MO fibres with Favimat+ or a similar machine is
once more the slow operation. There are not enough long fibres in the samples studied
in this report for the method to be time effective. It may be questioned whether tensile

testing of MO fibres is necessary or brings any added value to the material.

There is a need for a standard or an automated system for measuring fibres with short

fibre length. The manual methods are too slow for the quick responses necessary for
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added value, and the HVI based methods that neglect the short population of the fibres
are not yet theoretically suitable. It has been reported that the automated identification
systems, such as HVI or AFIS have problems identifying dark fibres and the short popu-
lation of fibre samples. The MO fibre is often already dyed and as seen in the experi-
mental results, MO fibres have rather high SFC. The shortness of MO fibre samples
creates a further problem in tensile testing. Although the methods could be developed, it
is possible to measure MO fibres with a tensile testing machine. A more interesting ques-
tion regarding the characterisation is how much the properties change between cotton
bales and batches. Further research could examine how much tenacity or another prop-
erty of a sample changes from bale to bale, and how many bales of MO fibres opened
with the same settings would be necessary to examine to conclude the exact parameters

for the tensile properties.

Although for example dyeing processes and laundering are observed to cause mechan-
ical damage on the fibre, somewhat surprisingly the surface inspection with SEM did not
reveal the mechanical opening is unfavourable for the fibre quality in terms of appear-
ance or integrity. However, it could not rule out the possibility of damage caused by the
opening line. The damage was, however, scarce although it has been earlier speculated
the knives ruin the fibre surfaces. The greatest impact of the opening line is the guillotine,
the effect of which can be interpreted in the length results. SEM imaging showed that the

post-consumer samples were dirtier compared to pre-consumer samples.

The DSC showed that the pre-consumer samples are made up of cotton and possibly
some other materials with similar, non-melting behaviour. All the post-consumer samples
have a melting point indicating the controlling of the material composition is not as easy
as it is for pre-consumer fabrics. The FT-IR shows peaks that can be attributed to the
presence of polyester, dye, polyamide etc. The small contents of some fibres may not
be enough to show on the spectrum, and the fibre content that can be identified cannot
be quantified. However, the cross-examination with DSC and FT-IR is rather fast and
shows promising results in identifying whether the sample is 100% cotton or not. For
some manufacturers, quality controllers or yarn spinners it may be enough to know that
there are no polyester or other fibres in the sample, while on some occasions it is not as
important. It has been estimated there are already viable recycling solutions for mono-
materials, whereas there is not one fully suitable method for recycling blended textile
waste. The lack of information about the composition of collected blended textile waste
may be seen as a hinder in creating value for it, but new identification methods with

quantifying abilities should reduce the problems related to blended textiles.
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Although the DSC/FT-IR cross-examination shows promising ability in swiftly identifying
the presence or absence of certain fibres in the samples, further research is necessary
in quantifying the contents in a reliable way. The many optical methods for sorting the
textile waste could be applied for fibre identification after the opening. Nevertheless,

these methods are not able to quantify the quantities yet.

The quality of the MO fibres is reviewed to be affected by the structure of the opened
fabric and especially its yarn, the colour of the opened fabric, the size of the piece textile
fed into the opening line and the inherent tensile properties of the opened fibres, as well
as the setting parameters of the opening line. Yarn spinning using MO fibres has been
proven successful, although most of the research reviewed in this report focuses on
blending MO fibres with virgin cotton fibres or other fibre types. Open-end spinning is a
more favourable option than ring spinning for MO fibres, as the short fibre contents of
mechanically opened fibres are relatively high. High short fibre content is reported to
cause poor adhesive strength in drawing, cause neps in the yarn, and increase yarn
irregularities. Other characteristics affecting the yarn quality are fibre length, tenacity,
linear density, and frictional behaviour, and of course the spinning settings. Fibre length
and frictional behaviour causing neps could be controlled by use of lubricants, although
more research is necessary. The control of fibre tenacity and linear density may not be
as relevant as the control of tenacity and linear density of the yarn; however, they play

an important part in the yarn quality and cannot be neglected completely.

This report shows that the characterisation of MO fibres is possible. The characterisation
was conducted by evaluating the efficiency of the opening lines, and the length, breaking
tenacity, elongation, linear density, chemical composition of the selected cotton qualities.
The collected data alongside the literature review gives valuable information that may
enable and increase the use of MO fibres in fibre-to-fibre recycling. To confirm the suit-
ability of MO fibres in fibre-to-fibre recycling, further studies related to yarn spinning,
knitting, weaving, dyeing and other textile processes should be concluded. Similarly,
more research is necessary for cotton qualities not presented in this report, such as post-
consumer knitwear or a pre-consumer cotton-blend. This report studied four MO fibres

obtained from denim materials and two MO fibres obtained from other textile types.

A classification system for MO fibres can be essential in the future so that the MO fibres
can be seen as a valuable raw material in the textile fibre industry. Even if a feasible
classification could be established, the problem in the uncertainty in predicting textile
production and consumption remains. The results in this report suggest the pre-con-

sumer fibres are cleaner and longer than post-consumer samples, but the new waste
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directive aims to collect the textiles from the consumers. Even if the settings of the me-
chanical opening line could be optimised to get as long fibres as possible, and the sorting
be as accurate as possible, the contents and the quality of the MO post-consumer fibres
depends on what is collected. The point of a well-established qualification may be that
while it is often desirable to sell and buy 100% cotton, it is also possible to set other kinds
of limits for MO fibres, as fractioning of cotton and other fibres has yet to prove accessi-
ble. On top of the material factor, other value adding factors can be the colour, the fabric
structure, the collection methods, or the garment type. The most challenging part will be
predicting the what and how much of a certain textile material will be collected from the

consumers and the industrial waste streams in the next 10, 20 or 30 years.
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APPENDIX A: FIBRE LENGTH RESULTS

The fibre distributions calculated per the number of fibres are presented in this appendix. The
number of fibres is based on calculations according to Equations 4.2 and 4.3. The mean length,
variance, coefficient of variation and confidence interval are calculated with the whole 1-3 mm
group obtaining a length of 2 millimetres, the 4-6 mm group obtaining a length of 5 millimetres,
and so on. It is also assumed, that all the fibres are of the same thickness, shape, and linear
density.

M mean

s? variance

o standard deviation

Cv coefficient of variation

Cl (a=0.05) confidence interval
ALL VALUES ARE IN MILLIMETRES

Table A. 1: REF-CO uncleaned.

REF-CO fibre distribution
m 15.269364
400
350
s? 54.49379 300
250
o 7381991 | °%°
150
100
Cv 0.483451 50
0
1-3  4-6 7-9 10-12 13-15 16-18 19-21 22-24 25-27 28-30 31-33
mm mm mm mm mm mm mm mm mm mm mm
Cl #1 {2 {3 e—mean
(2=0.05) | 0.334134

Table A. 2: PRE-KNIT (company) accept.

PRE-KNIT fibre distribution
u 6.316750
1200
1000
s? 14.60722
800
600
o 3.821939
400
200
Cv 0.605048
0
1-3 4-6 7-9 10-12 13-1516-18 19-21 22-24 25-27 28-30 31-33
mm mm mm mm mm mm mm mm mm mm mm
Cl #1 N H? B H3 e————mean
(a=0.05) 0.133109




Table A. 3: PRE-WOVEN accept.
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PRE-WOVEN fibre distribution

u 8.550438
1200
R 1000
s 23.41784
800
o 4.839199 600
400
c 0.565959 200
0
1-3 46 7-9 10-12 13-1516-18 19-21 22-24 25-27 28-30 31-33
mm mm mm mm mm mm mm mm mm mm mm
cl #1 {2 {3 e—mean
(2=0.05) | 0.157902
Table A. 4: POST-B2B accept.
POST-B2B fibre distribution
m 8.354007
1000
s2 22.84382 800
600
o 4.77952 400
200
Cv 0.572123
0
1-3 4-6 7-9 10-12 13-1516-18 19-21 22-24 25-27 28-30 31-33
mm mm mm mm mm mm mm mm mm mm mm
cl #1 {2 {3 e——mean
(2=0.05) | 0.176749
Table A. 5: POST-n accept.
POST-n fibre distribution
m 6.976779
1000
52 19.36492 800
600
o 4.400559 400
200
Cv 0.630744
0
1-3 4-6 7-9 10-12 13-1516-18 19-21 22-24 25-27 28-30 31-33
mm mm mm mm mm mm mm mm mm mm mm
cl #1 Y2 {3 e———mean
(2=0.05) | 0.152588
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Table A. 6: POST-s accept.
POST-s fibre distribution
m 7.023510
1400
1200
S2 19.97484 1000
800
o 4.469322 600
400
200
o 0.636337 0
1-3 46 7-9 10-1213-1516-18 19-21 22-24 25-27 28-30 31-33
mm mm mm mm mm mm mm mm mm mm mm
cl #1 ) 3 e—mean
(a=0.05) 0.151007
Table A. 7: POST-ea accept.
POST-ea fibre distribution
vl 7.074488
1400
1200
s 19.78593 1000
800
o 4448138 600
400
200
Cy 0.628757 0
1-3 46 7-9 10-1213-1516-18 19-21 22-24 25-27 28-30 31-33
mm mm mm mm mm mm mm mm mm mm mm
cl #1 Y2 {3 e——mean
(a=0.05) 0.149384
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APPENDIX B: FIBRE TENACITY RESULTS

The 10-mm gauge length results are presented in Figures B.1-B7 and the same results in their
respective Tables B.1-B.7. The results for 20-mm gauge length are presented in Figures B.8-B.10
and respective Tables B.8-B.10.

Force/elongation curves 1

F(cN/dtex)

o

0 5 10 15 20 25 30
E(%)

Figure B. 1: REF-CO uncleaned measured with the 10-mm gauge distance.

Table B. 1: The results for individual fibres of REF-CO uncleaned with the 10-
mm gauge distance. The values marked in red indicate deviation with a ¢, > 50 %
and are thus removed from the calculations of "selected specimens" as de-
scribed in chapter 5.3. Below a data analysis of elongation, tenacity, and linear
density with all specimens (n=10) and selected specimens (n=6).

Individual val- Work Lin.Den | Time
ues Emax Fmax B Tenacity | . B Ini.Mod
Colour No % cN cN*cm cN/dtex dtex sec cN/dtex
1.30
----------------- 1 2.35 2.83 0.04 1.28 2.21 0.71 60.44
2 4.38 5.83 0.14 2.95 1.98 1.32 77.30
3 3.43 2.84 0.06 1.20 2.37 1.04 38.97
4 15.61 3.83 0.31 1.65 2.32 4.73 15.88
5 14.10 5.77 0.39 2.80 2.06 4.27 32.50
----------------- 6 3.00 1.91 0.04 0.76 2.52 0.91 27.60
----------------- 7 6.52 5.08 0.17 2.88 1.77 1.97 55.70
----------------- 8 3.58 0.98 0.03 0.42 2.32 1.09 15.38
----------------- 9 16.12 4.69 0.39 2.45 1.92 4.88 26.17
----------------- 10 4.92 6.31 0.17 2.74 2.30 1.49 63.18
Linear density
Data analysis Elongation (%) Tenacity (cN/dtex) (dtex)
n 10 6 10 6 10 6
X 7.40 4.10 1.91 1.97 2.18 2.19
s 5.57 1.50 0.96 0.99 0.24 0.28
cv (%) § 75.31 36.68 50.20 50.40 10.89 12.62
Q(95 3.99 1.58 0.69 1.04 0.17 0.29
%
mi)n 2.35 2.35 0.42 0.76 1.77 1.77
max 16.12 6.52 2.95 2.95 2.52 2.52
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Force/elongation curves 1
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Figure B. 2: PRE-KNIT accept measured with the 10-mm gauge distance.

Table B. 2: The results for individual fibres of PRE-KNIT accept with the 10-
mm gauge distance. The value marked in red indicates deviation with a ¢, > 50 %
and is thus removed from the calculations of "selected specimens” as described
in chapter 5.3. Below a data analysis of elongation, tenacity, and linear density
with all specimens (n=20) and selected specimens (n=19).

Individual val- Work Lin.Den | Time
ues Emax Fmax B Tenacity | . B Ini.Mod
Colour No % cN cN*cm cN/dtex dtex sec cN/dtex
1.30
----------------- 1 5.28 5.29 0.16 2.46 2.15 1.59 71.27
2 2.64 2.65 0.04 1.40 1.89 0.80 67.36
3 2.92 2.35 0.04 1.29 1.82 0.88 62.84
4 4.11 4.72 0.1 2.25 2.10 1.24 78.43
5 14.16 4.94 0.36 2.84 1.74 4.28 50.14
----------------- 6 4.18 4.84 0.1 2.77 1.75 1.26 90.47
----------------- 7 4.05 3.55 0.09 1.62 2.20 1.23 52.97
----------------- 8 4.27 3.47 0.09 1.95 1.79 1.29 70.84
----------------- 9 3.14 4.00 0.08 1.34 2.99 0.95 55.10
----------------- 10 4.26 5.55 0.14 2.13 2.61 1.29 74.50
----------------- 11 4.10 5.02 0.1 2.36 2.12 1.24 69.17
12 2.64 4.23 0.07 1.89 2.24 0.80 91.89
13 3.91 3.22 0.08 1.49 2.16 1.18 57.62
14 3.92 2.77 0.07 1.11 2.50 1.18 42.46
15 2.79 3.78 0.06 2.00 1.88 0.84 99.00
----------------- 16 3.86 3.13 0.08 1.14 2.74 1.17 44.62
----------------- 17 3.55 4.75 0.10 2.29 2.07 1.07 102.25
----------------- 18 4.47 4.25 0.1 1.78 2.39 1.35 52.11
----------------- 19 3.63 3.59 0.08 1.52 2.37 1.10 61.57
----------------- 20 3.12 3.94 0.07 2.27 1.74 0.94 102.82
Linear density
Data analysis Elongation (%) Tenacity (cN/dtex) (dtex)
n 20 19 20 19 20 19
X 4.25 3.73 1.89 1.84 2.16 2.18
s 2.43 0.70 0.52 0.48 0.35 0.35
cv (%) § 57.19 18.82 27.54 26.30 16.36 15.97
Q(95 1.14 0.34 0.24 0.23 0.17 0.17
%
mi)n 2.64 2.64 1.11 1.11 1.74 1.74
max 14.16 5.28 2.84 2.77 2.99 2.99
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Figure B. 3: PRE-WOVEN accept measured with the 10-mm gauge distance.

Table B. 3: The results for individual fibres of PRE-WOVEN accept with the 10-
mm gauge distance. There are no values resulting in c, > 50 % for elongation, te-
nacity, or linear density. Below a data analysis of elongation, tenacity, and linear

density with all specimens (n=20).

Individual val- Work Lin.Den | Time
ues Emax Fmax B Tenacity | . B Ini.Mod
Colour No % cN cN*cm cN/dtex dtex sec cN/dtex
1.30
----------------- 1 6.89 4.26 0.16 2.65 1.61 2.08 55.43
2 7.41 5.87 0.23 2.97 1.97 2.24 52.06
3 5.54 1.40 0.06 0.60 2.34 1.68 22.61
4 4.01 2.02 0.05 1.12 1.81 1.21 42.21
5 10.11 2.35 0.15 1.43 1.64 3.06 30.62
----------------- 6 0.62 0.55 0.00 0.26 2.15 0.19 30.60
----------------- 7 3.25 4.05 0.08 2.35 1.72 0.98 106.55
----------------- 8 4.79 4.05 0.1 2.50 1.62 1.45 67.00
----------------- 9 5.22 2.96 0.09 1.87 1.58 1.58 46.19
----------------- 10 3.02 3.19 0.06 1.83 1.74 0.91 82.66
----------------- 11 7.10 5.69 0.22 2.77 2.05 2.15 61.05
12 5.56 4.76 0.14 2.03 2.34 1.68 47.60
13 5.70 5.62 0.17 3.12 1.80 1.72 76.18
14 4.93 2.82 0.08 1.19 2.37 1.49 32.22
15 8.76 4.75 0.23 2.05 2.32 2.65 34.97
----------------- 16 4.88 3.37 0.10 1.80 1.87 147 55.17
----------------- 17 8.68 6.01 0.27 2.64 2.27 2.62 44.54
----------------- 18 7.00 2.55 0.10 1.34 1.90 2.12 31.72
----------------- 19 5.99 3.36 0.1 1.45 2.32 1.82 31.02
----------------- 20 3.88 3.15 0.08 1.33 2.37 1.17 47.26
Linear density
Data analysis Elongation (%) Tenacity (cN/dtex) (dtex)
n 20 [same] ] 20 [same] 20 [same]
X 5.67 1.87 1.99
s 2.22 0.78 0.30
cv (%) § 39.11 42.05 14.88
Q(95 1.04 0.37 0.14
%)
min 0.62 0.26 1.58
max 10.11 3.12 2.37
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Figure B. 4: POST-B2B accept measured with the 10-mm gauge distance.

Table B. 4: The results for individual fibres of POST-B2B accept with the 10-
mm gauge distance. The values marked in red indicate deviation with a ¢, > 50 %
and are thus removed from the calculations of "selected specimens” as de-
scribed in chapter 5.3. Below a data analysis of elongation, tenacity, and linear

density with all specimens (n=20) and selected specimens (n=17).

Individual val- Work Lin.Den | Time
ues Emax Fmax TB Tenacity | . TB Ini.Mod
Colour No % cN cN*cm cN/dtex dtex sec cN/dtex
1.30
----------------- 1 12.28 3.66 0.31 1.57 2.33 3.71 46.97
2 8.09 4.26 0.20 2.26 1.88 2.44 46.81
3 5.37 5.49 0.15 2.59 2.12 1.62 59.74
4 6.41 4.64 0.17 1.69 2.74 1.94 30.40
5 19.63 8.69 0.99 3.22 2.70 5.96 36.19
----------------- 6 30.21 6.72 1.32 3.97 1.69 9.14 39.27
----------------- 7 6.16 4.79 0.16 2.63 1.82 1.86 49.74
----------------- 8 7.62 2.54 0.11 1.07 2.38 2.31 20.96
----------------- 9 3.94 4.91 0.11 2.00 2.45 1.19 61.75
----------------- 10 4.29 2.51 0.07 1.02 2.46 1.29 35.44
----------------- 11 6.69 5.57 0.20 2.61 2.13 2.02 59.14
12 21.82 9.87 1.33 4.15 2.38 6.60 49.07
13 5.40 5.77 0.18 2.64 2.18 1.63 72.62
14 2.95 2.73 0.05 1.06 2.58 0.89 44.92
15 5.10 5.40 0.14 2.45 2.20 1.54 58.86
----------------- 16 4.11 7.16 0.15 3.22 2.22 1.24 90.27
----------------- 17 3.84 3.75 0.08 1.95 1.92 1.16 73.20
----------------- 18 2.52 1.66 0.03 0.72 2.32 0.76 36.88
----------------- 19 4.31 5.92 0.14 2.39 2.47 1.30 70.83
----------------- 20 5.26 4.33 0.13 2.25 1.93 1.59 56.37
Linear density
Data analysis Elongation (%) Tenacity (cN/dtex) (dtex)
n 20 17 20 17 20 17
X 8.30 5.55 2.27 2.01 2.25 2.24
s 7.27 2.31 0.94 0.71 0.29 0.26
cv (%) §87.63 41.65 41.20 35.54 12.96 11.59
Q(95 3.40 1.19 0.44 0.37 0.14 0.13
%
mi)n 2.52 2.52 0.72 0.72 1.69 1.82
max 30.21 12.28 4.15 3.22 2.74 2.74
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Figure B. 5: POST-n accept measured with the 10-mm gauge distance.

Table B. 5: The results for individual fibres of POST-n accept with the 10-mm
gauge distance. The value marked in red indicates deviation with a ¢, > 50 % and
is thus removed from the calculations of "selected specimens” as described in
chapter 5.3. Below a data analysis of elongation, tenacity, and linear density with

all specimens (n=20) and selected specimens (n=19).

Individual val- Work Lin.Den | Time
ues Emax Fmax TB Tenacity | . TB Ini.Mod
Colour No % cN cN*cm cN/dtex dtex sec cN/dtex
1.30
----------------- 1 13.89 7.59 0.57 4.25 1.78 4.21 57.18
2 2.35 2.64 0.04 1.48 1.78 0.71 78.58
3 6.34 4.01 0.15 2.07 1.94 1.91 56.17
4 6.90 3.05 0.14 1.33 2.29 2.09 55.43
5 6.92 4.21 0.18 1.60 2.64 2.09 36.00
----------------- 6 4.44 2.97 0.08 1.44 2.07 1.34 50.15
----------------- 7 4.11 3.33 0.08 1.88 1.77 1.24 68.72
----------------- 8 11.35 5.98 0.33 3.58 1.67 3.44 42.85
----------------- 9 5.56 3.13 0.11 1.32 2.36 1.68 38.65
----------------- 10 4.68 5.75 0.16 242 2.38 1.41 71.74
----------------- 11 3.55 3.24 0.07 1.35 2.39 1.07 41.50
12 7.19 6.15 0.25 2.44 2.52 2.18 52.39
13 7.26 4.88 0.20 1.99 2.46 2.19 45.08
14 2.61 3.39 0.06 1.53 2.21 0.79 80.91
15 5.79 3.02 0.11 1.26 2.40 1.75 34.44
----------------- 16 5.88 3.24 0.12 1.84 1.76 1.78 54.08
----------------- 17 5.73 4.27 0.13 2.32 1.84 1.73 58.57
----------------- 18 1.42 1.71 0.02 0.60 2.86 0.43 39.85
----------------- 19 2.91 2.31 0.04 1.03 2.24 0.88 46.49
----------------- 20 5.03 4.70 0.15 1.61 2.92 1.52 51.48
Linear density
Data analysis Elongation (%) Tenacity (cN/dtex) (dtex)
n 20 19 20 19 20 19
X 5.70 5.26 1.87 1.74 2.21 2.24
s 2.94 2.28 0.85 0.65 0.38 0.37
cv (%) | 51.60 43.29 45.33 37.37 16.99 16.64
Q(95 1.38 1.10 0.40 0.31 0.18 0.18
%)
min 1.42 1.42 0.60 0.60 1.67 1.67
max 13.89 11.35 4.25 3.58 2.92 2.92
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Figure B. 6: POST-s accept measured with the 10-mm gauge distance.

Table B. 6: The results for individual fibres of POST-s accept with the 10-mm
gauge distance. The values marked in red indicate deviation with a ¢, > 50 % and
are thus removed from the calculations of "selected specimens” as described in
chapter 5.3. Below a data analysis of elongation, tenacity, and linear density with

all specimens (n=20) and selected specimens (n=18).

Individual val- Work Lin.Den | Time
ues Emax Fmax TB Tenacity | . TB Ini.Mod
Colour No % cN cN*cm cN/dtex dtex sec cN/dtex
1.30
----------------- 1 3.18 4.16 0.08 2.24 1.86 0.96 97.49
2 4.30 4.18 0.10 1.78 2.35 1.30 57.39
3 1.62 1.06 0.01 0.45 2.35 0.49 29.70
4 2.47 4.20 0.06 1.74 2.41 0.74 92.68
----------------- 5 9.61 4.19 0.23 2.22 1.88 2.90 45.25
----------------- 6 6.56 7.86 0.27 3.56 2.21 1.98 74.33
----------------- 7 6.29 6.88 0.22 3.08 2.23 1.90 59.50
----------------- 8 17.97 11.62 1.20 4.84 2.40 5.46 59.71
----------------- 9 3.57 3.87 0.09 1.72 2.25 1.08 76.99
----------------- 10 7.49 6.36 0.26 2.96 2.15 2.26 61.03
----------------- 11 6.28 3.91 0.15 2.51 1.55 1.90 67.80
12 3.44 5.72 0.1 2.23 2.57 1.04 81.44
13 25.66 9.12 1.39 3.79 2.41 7.76 47.97
14 6.73 3.14 0.12 1.59 1.98 2.04 31.89
15 5.42 5.09 0.16 2.32 2.19 1.64 72.81
----------------- 16 9.43 5.01 0.25 2.30 2.17 2.85 30.84
----------------- 17 4.55 4.91 0.13 2.26 2.17 1.36 82.87
----------------- 18 2.49 3.58 0.05 1.71 2.09 0.75 85.30
----------------- 19 6.82 7.38 0.27 3.03 2.44 2.06 58.47
----------------- 20 1.76 2.57 0.03 1.44 1.78 0.53 105.75
Linear density
Data analysis Elongation (%) Tenacity (cN/dtex) (dtex)
n 20 18 20 18 20 18
X 6.78 5.1 2.39 2.18 217 2.15
s 5.78 2.45 0.96 0.72 0.25 0.25
cv (%) | 85.18 47.97 40.35 33.19 11.66 11.85
Q(95 2.70 1.22 0.45 0.36 0.12 0.13
%
mi)n 1.62 1.62 0.45 0.45 1.55 1.55
max 25.66 9.61 4.84 3.56 2.57 2.57
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Figure B. 7: POST-ea accept measured with the 10-mm gauge distance.

Table B. 7: The results for individual fibres of POST-ea accept with the 10-mm
gauge distance. The values marked in red indicate deviation with a ¢, > 50 % and
are thus removed from the calculations of "selected specimens” as described in
chapter 5.3. Below a data analysis of elongation, tenacity, and linear density with

all specimens (n=20) and selected specimens (n=17).

Individual val- Work Lin.Den | Time
ues Emax Fmax B Tenacity | . B Ini.Mod
Colour No % cN cN*cm cN/dtex dtex sec cN/dtex
1.30
----------------- 1 8.54 6.41 0.29 2.65 2.42 2.59 42.66
2 5.26 5.39 0.15 2.37 2.27 1.59 56.06
3 5.30 2.88 0.09 1.23 2.33 1.60 35.41
4 7.24 2.67 0.12 1.12 2.38 2.19 30.43
5 8.98 6.30 0.29 2.71 2.33 2.72 39.84
----------------- 6 5.73 3.44 0.12 1.81 1.91 1.73 46.90
----------------- 7 5.49 7.60 0.23 3.24 2.35 1.66 85.87
----------------- 8 2.26 2.09 0.03 1.27 1.64 0.68 64.92
----------------- 9 9.79 5.05 0.26 2.66 1.90 2.96 42.75
----------------- 10 4.94 2.46 0.08 1.05 2.34 1.49 33.20
----------------- 11 3.23 2.75 0.05 1.14 2.41 0.98 4513
12 4.08 2.96 0.08 1.22 2.44 1.23 40.58
13 35.36 12.21 2.81 5.20 2.35 10.82 42.35
14 20.36 19.86 1.85 8.40 2.36 6.15 79.61
15 8.99 4.39 0.24 2.30 1.90 2.71 52.09
----------------- 16 14.94 4.74 0.37 2.84 1.67 4.52 38.08
----------------- 17 5.04 2.55 0.08 1.22 2.08 1.52 35.99
----------------- 18 24.04 7.58 1.14 2.80 2.71 7.37 25.76
----------------- 19 7.96 4.27 0.19 2.25 1.90 2.40 47.30
----------------- 20 10.33 6.10 0.36 2.05 2.97 3.13 44.55
Linear density
Data analysis Elongation (%) Tenacity (cN/dtex) (dtex)
n 20 17 20 17 20 17
X 9.89 6.95 2.48 1.95 2.23 2.19
s 8.15 3.12 1.72 0.73 0.33 0.34
cv (%) | 82.38 44.98 69.27 37.67 14.94 15.41
Q(95
%) 3.81 1.61 0.80 0.38 0.16 0.17
min 2.26 2.26 1.05 1.05 1.64 1.64
max 35.36 14.94 8.40 3.24 2.97 2.97
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Figure B. 8: REF-CO uncleaned measured with the 20-mm gauge distance.

Table B. 8: The results for individual fibres of REF-CO uncleaned with the 20-
mm gauge distance. The values marked in red indicate deviation with a ¢, > 50 %
and are thus removed from the calculations of "selected specimens” as de-
scribed in chapter 5.3. Below a data analysis of elongation, tenacity, and linear

density with all specimens (n=10) and selected specimens (n=8).

Individual val- Work Lin.Den | Time
ues Emax Fmax B Tenacity | . B Ini.Mod
Colour No % cN cN*cm cN/dtex dtex sec cN/dtex
1.30
----------------- 1 4.56 2.16 0.12 1.89 1.14 2.75 61.95
2 2.06 1.76 0.05 0.76 2.32 1.25 36.17
3 2.89 2.73 0.09 1.42 1.92 1.74 60.40
4 6.57 3.73 0.28 1.87 2.00 3.97 42.83
5 2.22 1.55 0.04 0.76 2.03 1.34 32.90
----------------- 6 2.89 1.45 0.05 1.29 1.12 1.74 59.24
----------------- 7 1.94 1.79 0.04 1.34 1.33 1.17 83.66
----------------- 8 4.94 1.98 0.11 1.32 1.50 2.98 31.33
----------------- 9 1.67 1.26 0.03 0.75 1.68 1.01 49.32
----------------- 10 8.79 3.50 0.36 2.06 1.70 5.30 38.41
Linear density
Data analysis Elongation (%) Tenacity (cN/dtex) (dtex)
n 10 8 10 8 10 8
X 3.85 2.90 1.35 1.19 1.67 1.63
s 2.35 1.23 0.49 0.41 0.40 0.43
cv (%) § 60.93 42.34 36.07 34.11 23.92 26.66
Q(95 1.68 1.03 0.35 0.34 0.29 0.36
%
mi)n 1.67 1.67 0.75 0.75 1.12 1.12
max 8.79 4.94 2.06 1.89 2.32 2.32
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Figure B. 9: POST-B2B accept measured with the 20-mm gauge distance.

Table B. 9: The results for individual fibres of POST-B2B accept with the 20-
mm gauge distance. The value marked in red indicates deviation with a ¢, > 50 %
and is thus removed from the calculations of "selected specimens” as described

in chapter 5.3. Below a data analysis of elongation, tenacity, and linear density
with all specimens (n=10) and selected specimens (n=9).

Individual val- Work Lin.Den | Time
ues Emax Fmax B Tenacity | . B Ini.Mod
Colour No % cN cN*cm cN/dtex dtex sec cN/dtex
1.30
----------------- 1 5.18 4.93 0.28 3.21 1.54 3,12 86,45
2 15.48 6.42 0.87 4.74 1.36 9,32 63,56
3 9.97 2.25 0.31 1.49 1.51 6,01 53,32
4 11.46 2.27 0.34 1.92 1.19 6,90 73,19
5 8.20 297 0.31 2.07 1.44 4,94 84,28
----------------- 6 11.58 5.94 0.71 2.88 2.07 6,97 47,70
----------------- 7 27.69 12.13 4.27 3.47 3.50 16,72 53,57
----------------- 8 8.13 2.85 0.29 1.90 1.50 4,90 84,93
----------------- 9 6.00 1.82 0.16 1.07 1.71 3,62 57,93
----------------- 10 4.66 2.35 0.14 1.62 1.46 2,81 86,77
Linear density
Data analysis Elongation (%) Tenacity (cN/dtex) (dtex)
n 10 9 10 9 10 9
X 10.84 8.96 243 2.32 1.73 1.53
s 6.79 3.53 1.12 1.12 0.66 0.25
cv (%) | 62.68 39.34 46.04 48.49 38.52 16.08
Q(95 4.86 2.71 0.80 0.86 0.48 0.19
%
mi)n 4.66 4.66 1.07 1.07 1.19 1.19
max 27.69 15.48 4.74 4.74 3.50 2.07
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Figure B. 10: POST-s accept measured with the 20-mm gauge distance.

Table B. 10: The results for individual fibres of POST-s accept with the 20-mm
gauge distance. The values marked in red indicate deviation with a ¢, > 50 % and
are thus removed from the calculations of "selected specimens” as described in
chapter 5.3. Below a data analysis of elongation, tenacity, and linear density with

all specimens (n=10) and selected specimens (n=6).

Individual val- Work Lin.Den | Time
ues Emax Fmax B Tenacity | . B Ini.Mod
Colour No % cN cN*cm cN/dtex dtex sec cN/dtex
1.30
----------------- 1 10.82 5.89 0.59 4.49 1.31 6.51 75.28
2 2.10 1.83 0.05 0.90 2.03 1.27 57.60
3 2.49 2.45 0.08 1.35 1.81 1.50 77.10
4 3.78 3.83 0.16 2.16 1.77 2.28 78.37
5 21.42 11.13 2.40 3.46 3.22 12.97 24.40
----------------- 6 18.14 7.87 1.71 3.62 2.18 10.98 44.00
----------------- 7 27.02 8.95 3.12 3.45 2.59 16.44 36.95
----------------- 8 5.68 3.53 0.24 1.97 1.79 3.42 68.80
----------------- 9 6.83 2.98 0.23 2.05 1.45 4.11 65.24
----------------- 10 4.52 3.46 0.18 2.04 1.70 2.72 68.64
Linear density
Data analysis Elongation (%) Tenacity (cN/dtex) (dtex)
n 10 6 10 6 10 6
X 10.28 4.23 2.55 1.74 1.99 1.76
s 8.83 1.83 1.14 0.50 0.56 0.19
cv (%) |§ 85.95 43.15 44.72 28.86 28.35 10.68
Q(95 6.32 1.92 0.82 0.53 0.40 0.20
%
mi)n 2.10 2.10 0.90 0.90 1.31 1.45
max 27.02 6.83 4.49 2.16 3.22 2.03
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APPENDIX C: SEM RESULTS

—
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SE Mag: 200x HVE T9'kV WD: 15/mm

Figure C. 1: REF-CO accept.

SE Magh 200x HV: 10 kv WD: 15 mm

Figure C. 2: PRE-KNIT company accept.
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SE Mag: 200x HV: 10 kVAWD: 15 mm

Figure C. 3: PRE-WOVEN accept.

SE Mag: 200x HV: 10 kV WD: 18 mm

Figure C. 4: PRE-WOVEN uncleaned. WD:15 mm and not 18 mm as printed on the
image.
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SE Mag: 200x HV: 104«V WD: 18 mm

Figure C. 6: POST-B2B uncleaned. WD:15 mm and not 18 mm as printed on the
image.



R

SE Mag: 2080x HV: 10 kV WD: 15 mm

Figure C. 7: POST-n accept.

B w-: i
SE Mag: 200x HV: 10 kV WD: 18 mm

100 um =1
Figure C. 8: POST-n uncleaned. WD:15 mm and not 18 mm as printed on the im-
age.



e;:. ' 4 1 f ..‘.:.‘
S / b LY

SE Mag: 200x HV: 10 kVWD:'15 mm

Figure C. 9: POST-s accept.

//

SE Mag: 200x HV: 10 kV WD: 18 mm

— 100 pm —i
Figure C. 10: POST-s uncleaned. WD:15 mm and not 18 mm as printed on the im-
age.
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o\
h
SE.Mag: 200xHV: 10 kVWD: 15 mam

Figure C. 12: POST-ea uncleaned.
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SE Mag: 200x HV:"10 kv WD: 15 mm

— 100N —
Figure C. 13: The bedsheet pictured in Figure 5.15 (left).

SE Mag: 1000x HV: 10 kV WD: 15 mm

— e
Figure C. 14: The bedsheet pictured in Figure 5.15 (right).
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SE Mag: 500x HV: 10 kV W15 mm

BN R
) \

Figure C. 15: POST-s accept pictured in Figure 5.16 (Ieft)

SE Mag: 500x HV: 10 kV WD: 18mm

Figure C. 16: POST-B2B uncleaned pictured in Figure 5.16 (right). WD:15 mm and
not 18 mm as printed on the image.
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SE Mag: 500x HV: 10 kV WD: 15 mm

Figure C. 17: POST-n accept pictured in Figure 5.17 (left).

——— 50 |im Sl

Figure C. 18: PRE-KNIT company accept pictured in Figure 5.17 (right).
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.

WD: 15 mm

Figure C. 19: PRE-WOVEN accept pictured in Figure 5.18a.

SE Magé 500% HV: 10 KV WD: 15 mm

e
Figure C. 20: REF-CO accept pictured in Figure 5.18b.
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SE Mag: 500x HV: 10 kV WD: 15.mm

i
SE Mag: 500x HV: 10 kM WD: 15 mm
SO M=

Figure C. 22: POST-n accept pictured in Figure 5.18d.
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.

SE Mag: 500x HV:-10 kV WD;. 15 mm

Sl
Figure C. 23: POST-s accept pictured in Figure 5.22 (left).

SE Mag: 200x HV: 10 kV WD: 18 mm

— 100 pm —
Figure C. 24: POST-s uncleaned pictured in Figure 5.22 (centre). WD:15 mm and
not 18 mm as printed on the image
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— 100 pym —
Figure C. 25: POST-ea uncleaned pictured in Figure 5.22 (right).
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APPENDIX D: DSC RESULTS

DSC /(mWimg)
o Peak: 87.9 °C; 1.017 mWimg
’ Peak: 94 4 °C; 0.9657 mWimg
1.8 Peak:71.0 °C; 0.8275 mWimg REF-CO
s 1st heating
2nd heating
08
Peak: 251.3 °C; 0.5114 mW/mg
Peak: 249.7/°C; 0.4889 mW/mg
B Peak: 218'6 ?C; 0.3559 mW/mg
oy T
02
0.0
0 50 100 150 200 250 300
Temperature °C
Figure D. 1: DSC curves for REF-CO accept. The peaks are detected with the
help of NETZSCH software.
DSC /(mWimg)
) Peak: 82.7 °C; 1.118 mWimg
Lam Peak: 75:6C. 1.082 mWimg
Leak &2 830 1.001 mWimg PRE-KNIT (company) accept
£ 1st heating
1 2nd heating
0.84
Peak: 249.5 °C; 0.558 mW/mg
Peak: 240.9 °C; 0.5075 mW/mg
f Peak: 250,67°C; 0.4363 mW/mg
064 5 .s,f‘l
044
021
00
024

0 50 100 150 200 250 300
Temperature /°C

Figure D. 2: DSC curves for PRE-KNIT (company) accept. The peaks are de-
tected with the help of NETZSCH software.
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DSC /(mWimg)
1 exo
Peak: 90.9 °C; 1.01 mWimg PRE-WOVEN atcspt
e 1st heating
ey 2nd heating
Peak: 85.0%C; 0.8868 mWimg
Peak: 231.1 °C; 0.59 mW/mg
B Peak: 242,7°C; 0.4506 mWimg
06 :
' Peak: 82.1 °C; 05244 mWimg
04
Peak: 247_5‘(31 0.1183 mWimg
02
0.0
0.2
0 50 100 150 200 250 300

Temperature /°C

Figure D. 3: DSC curves for PRE-WOVEN accept. The peaks are detected with
the help of NETZSCH software.

DSC /(mW/mg)
oo Peak: 92.6 °C; 0.9729 mWimg
104 ° Peak:9475°C; 0.9312 mWimg
Reak-939 °C; 0.9302 mWimg PRE-WOVEN uncleaned
1st heating
2nd heating
0.8
Peak: 177.0 °C; 0.5169 mW/mg
Peak: 181.4.*C, 0.5158 mW/mg
-~ Peak: 230.0°C; 0
06
04
0.2
0.0
[ 50 100 150 200 250 300

Temperature °C

Figure D. 4: DSC curves for PRE-WOVEN uncleaned. The peaks are detected
with the help of NETZSCH software.
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DSC /(mWimg)
e Peak: 83.[5/”_9; 1.012 mWimg
10 POST-B2B accept
1st heating
2nd heating
08 RPN Sty Peak: 251.6 °C; 0.6318 mWimg
06
04
Peak: ﬁ@ 7°C; 0.2903 mWimg
0.2
LRI TR ney Peak: 254.1°C; 0.01693 mWimg
0.0
Peak: 49.3' *€,.0.04646 m\Wimg Peak: 252.7 °C; -0.1588 mW/mg o
02 Peak: 48.8 °C; -0.05897 mW/mg e e
0 50 100 150 200 250 300
Temperature /°C
Figure D. 5: DSC curves for POST-B2B accept. The peaks are detected with
the help of NETZSCH software.
DSC /(mW/mg)
1 exo
08 Peak: 80.6 °C; 0.7504 mW/mg
R POST-B2B uncleaned
1st heating
2ndhealing  peak: 256.4 °C; 0.6357 mWWimg
08
Peak: 75.0 °C; 0.488 m¥y/mg
Peak: 254.0 °C; 0.3282 mW/mg
04
0.2
Peak: 48.0 °C; 0.3776 mW/mg
0.0
-0.2

50 100 200 250 300

150
Temperature /°C

Figure D. 6: DSC curves for POST-B2B uncleaned. The peaks are detected
with the help of NETZSCH software.
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DSC /(mWimg)

07

06

0.5

04

03

0.2

0.1

0.0

| exo Peak: 70.1 °C; 0.7081 mWimg
_———Peéak: 86.8 °C; 0.6984 mWimg

Peak: 86.2 °C; 0.5171 mWimg POST-n accapt
Pl 1st heating
o 2nd heating
-/’ Peak: 253.6 °C; 0.4684 mW/mg

Peak: 250.5 °% 0.3895 mWimg
Peak: 254.9 /G, 0.3582 mW/mg

Peak: 2496 °C; 0.308 mWimg
Peak: 252.5 °C; 0.2639 mW/mg
Peak: 249.1 °C; 0.1913 mW/mg

0 50 100 Tamp:r:are e 200 250 300
Figure D. 7: DSC curves for POST-n accept. The peaks are detected with the
help of NETZSCH software.
DSC /(mW/mg)
1 exo

08

04

02

0.0

-0.2

Peak: 72.7 °C; 0.728 mW/mg

POST-n uncleaned
Peak: 76.6 °C, 0.6127 mWim ‘
e ’ Isthealing  pey 266.0C: 0.5853 mWimg

) 2ndhealing  peay 953 35 4072 mWimg

Peak: 259.8 |C; 0.3166 mW/mg

/ Peak: 2_37._8 °C; 0.3742 mWimg \ /

Peak: 81.5 °C; 0.2602 mW/mg

I
\
’AH-..,,... _ B
I Peak: 244 S‘Y;Ci 0.1764 mW/mg
Peak: 254.5 °C; 0.1075 mW/mg
Peak: 252.6 °C; 0.01902 mWi/mg
0 50 100 150 200 250 300
Temperature /°C

Figure D. 8: DSC curves for POST-n uncleaned. The peaks are detected with
the help of NE-TZSCH software.
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DSC /(mWimg)
Peak: 77.4 °C; 0.9406 mW/mg
109 | exo =
ek 89.9 °C; 08374 mWimg
Peak-896 C; 0.7376 mWimg POST-s accept
b il ; il 1st heating Peak: 251.4 °C; 0.7173 mWimg
= = 2nd heat‘mg Peak: 253 '4/"C:40.6511 mWimg
s Peak: 248.7C; 0.574 mWimg
Peak’246,8 °C70.5331 mWimg
b
06 .
— F e
0.4 L
02 Peak: 2523 °C; 0.4761 mWimg
Peak: 247.9 °C; 0.3339 mWimg
0.0
02
0 50 100 150 200 280 300
Temperature /°C
Figure D. 9: DSC curves for POST-s accept. The peaks are detected with the
help of NE-TZSCH software.
DSC /(mW/mg)
121 |exo
POST-s uncleaned
1st heating P
1.0 2nd heating -~
Peak: 256.4 °C: 1.142 mW/mg
Peak: 256.9 °C; 0.8176 m\W/mg
08 Peak: 67.5 °C; 0.7316 mWimg Fealc 25450, 07308 mWimg
= Peak: 84.6 °C; 0.5022 mW/mg -
6’€' & Peak: 254.5 °C; 0.651 mW/mg
0s FomcRd o i mimd Peak: 254.0 °C; 0.4621 mWimg
i Peak: 253.0 °C; 0.3788 mW/mg
04
02
0.0
02

0 50 100 150
Temperature /°C

200

250 300

Figure D. 10: DSC curves for POST-s uncleaned. The peaks are detected with
the help of NE-TZSCH software.
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DSC /(mWimg)

1.0

0.8

06

04

02

0.0

-0.2

Peak: 90.8 °C; 0.9853 mW/mg
lexo - g
——Peak: 80.7 °C; 0.9684 mW/mg
POST-ea accept
Peak: 89.1 °C; 0.6634 m\W/mg 1st heating
2nd heating

Peak: 253.8 °C; 0.7473 mW/mg
Peak: 253.3 /Q, 0.6304 mW/mg

Peak: 25441 7C; 0.565 mW/mg
Peak: 25;.5 /£/0.5641 mW/mg

Peak: 162.5 ‘E; 0.3571 mW/mg Peak 251.7 C 0.5383 mWimg
Peak: 254.3 °C; 0.4628 mW/mg

0 50 100 150 200 250 300
Temperature /°C

Figure D. 11: DSC curves for POST-ea accept. The peaks are detected with the

help of NE-TZSCH software.

DSC /(mW/mg)
| exo
1.0
POST-ea uncleaned “
1st heating Peak: 25.0 °C: 0.9786 mW/mg
2nd heating Peak: 254.0 °C; 0.7046 mW/mg
08 Peak: 83.6 °C; 0.7697 mW/mg Peak: £56.1 °C; 0.7073 mW/mg

0.6

04

0.2

0.0

Q983 m\Wimg

Peak: 84.4;9;_.

Peak: 88.3_"_(:/; 4269 mW/mg

Peak: 23.7<C; 0.4544 mW/mg
Peak: 24.3 °C; 0.3237 mW/mg ‘\“‘ l\'.

Peak: 256.8 °C; 0.5542 mW/mg
Peak: 251.2 °0; 0.4482 mW/mg

Peak: 253.8 °C; 0.3587 mW/mg

0 50 100 150 200 250 300
Temperature °C

Figure D. 12: DSC curves for POST-ea uncleaned. The peaks are detected with
the help of NE-TZSCH software
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APPENDIX E: FT-IR RESULTS
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Figure E. 1: FT-IR spectra for REF-CO accept.
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Figure E. 2: FT-IR spectra for PRE-KNIT (company) accept.
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Figure E. 3: FT-IR spectra for PRE-WOVEN accept.



Log

Log

Log

Log

Log

Log

Log

Log

Log

120

"4000 ) ) ) "~ 3000 ) ) ) © 2000 ) ) ) "~ 1000
Wavenumbers (cm-1)

Figure E. 4: FT-IR spectra for PRE-WOVEN reject.

POST-B2B-acc_1
0,20-

0,10-

0,00

POST-B2B-acc_2
0,20-

3333

0,10- — 8 o
= (7

0,00
POST-B2B-acc_3

0,20- §%

2900
1630

1) <
0,10- % _ N 308 R
‘—/‘K}L‘JN % = N
4000 3000 2000 1000
Wavenumbers (cm-1)
Figure E. 5: FT-IR spectra for POST-B2B accept.
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Figure E. 6: FT-IR spectra for POST-B2B reject.
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Figure E. 7: FT-IR spectra for POST-n accept.
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Figure E. 8: FT-IR spectra for POST-n reject.
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Figure E. 9: FT-IR spectra for POST-s accept.
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Figure E. 10: FT-IR spectra for POST-s reject.
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Figure E. 11: FT-IR spectra for POST-ea accept.
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Figure E. 12: FT-IR spectra for POST-ea reject.
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