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Abstract
This thesis targeted to improve the waste management in textile industry in terms of
material identiﬁ cation, waste valorization and implementation of sustainable alternatives to
commercial dyes and ﬁ nishing agents. A solid-state NMR method was developed to quantify the
amount of cellulose in cotton polyester blends, employing a relationship between distinct peak
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ionic liquid solvent system. The produced ﬁ laments displayed tensile properties superior to
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shown that the ionic liquid, 1,5-diazabicyclo[4.3.0]non-5-ene acetate, enabled to dissolve cellulose,
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color of the waste fabrics translated to the new textile products, although a certain amount of
leaching could be observed during the spinning process. This behavior was dependent on the
nature of the dyes and was hence more pronounced for reactive dyes such as Remazoles than for
vat dyes. Eventually, gold and silver nanoparticles were assessed to replace potentially polluting
dyes and ﬁ nishing agents. Via a hydrothermal in-situ synthesis approach, spherical nanoparticles
were prepared on bleached prehydrolyzed kraft pulp, which was subsequently dry-jet wet spun
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1. Introduction

The McDonaldization of fashion industry has created an interplay between the
consumers’ longing for instant gratification and high value (Bhardwaj & Fairhurst 2010). Despite the arising awareness of the environmental impacts associated with clothing industry, fast fashion consumers tend to prefer obsolescence over quality (Joy et al. 2015). “Here today, gone tomorrow” is the result
of a continuous development of a societal attitude towards clothing as an emotional product rather than a valuable good (Weber, Lynes & Young 2017; Bhardwaj & Fairhurst 2010).
In the early 20th century, clothing was designed to foster a sustainable production that enabled to preserve valuable resources. Manufacturers tried to
avoid unnecessary decorations and consumers would mend their clothes if
needed. This led to a waste reduction of about 10% in the United States during
World War I. With an increasing industrial development, the consumption of
clothing per captia began to rise significantly (Claudio 2007). During the past
two decades, the worldwide production of textiles doubled, whereas the average
time of use decreased to less than a year for 50% of the fast fashion items (Ellen
MacArthur Foundation 2017). Nowadays, an average Swedish consumer purchases 15 kg of clothing annually, of which 8 kg will be landfilled or incinerated
ultimately (Carlsson et al. 2015). With 3% of the global greenhouse gas emissions (Laitala et al. 2012 in (Nørup et al. 2018)), the textile sector produces
more carbon dioxide than both shipping and aircrafts combined (Ellen MacArthur Foundation 2017).
The textile industry mainly utilizes fibers from oil-based resources (63%) and
cotton (26%) (Ellen MacArthur Foundation 2017). In particular, the demand for
the latter is anticipated to grow because of the increasing wealth in emerging
nations (Hämmerle 2011). 97% of the fibers produced globally are of virgin
origin; less than 1% are manufactured via a closed-loop recycling technology
(Ellen MacArthur Foundation 2017). However, cotton farming is expected to
experience a decline due to the progressing depletion of natural resources and
the competition with food for arable land. As cotton fibers show unique moisture up-take properties, they cannot entirely be replaced by synthetics, which
represents an opportunity for man-made cellulose fibers (MMCFs) (Hämmerle
2011). The wood employed for MMCF production is hardly fertilized or irrigated, and thus fibers made thereof perform significantly better than cotton in
terms of eco-toxicity, eutrophication, as well as water and land use (Shen & Patel
2010).
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In 2008, a European Framework Directive (2008/98/EC) was introduced to
improve the management of municipal waste. It targeted to recover up to 70%
of the waste produced in the European Union by fostering prevention and preparation for reuse, facilitating recycling, and reducing ultimate disposal (Bukhari, Carrasco-Gallego & Ponce-Cueto 2018). With the change in legislation,
research on the utilization of MMCF processes in textile recycling began to
flourish. Many fiber manufactures filed patents on the exploitation of cotton
waste as a feedstock for MMCFs (Eltz 1995; Serad 1993; Sun, Hongyu, Li, Chunguang et al. 2018). Processes such as SaXcell aim to convert cellulose rich textiles to dissolving pulp, which can be used in the Viscose or the Lyocell process
(Oelerich et al. 2017). However, most of them are still in a development stage,
and not yet accessible on an industrial scale. Employing the Lyocell technology,
REFIBRA is currently the only fully commercialized approach that enables to
transform pre-consumer cotton to new textile grade fibers (Lenzing AG 2019).
For post-consumer garments, no processes are available yet in a similar extent.
It is evident that an orientation of textile industry to more sustainable alternatives can only take place if new recycling models offer a benefit to both the environment and the manufacturer. The collection and sorting of textile waste has
so far been the most expensive step in the process chain (Hinkka, Heikkilä &
Harlin 2018). Legislations in Europe do not consider worn out garments as
problematic waste. Consequently, no uniform collecting strategies exist that
could guarantee a steady supply of a certain waste feedstock. Currently, waste
textiles are accumulated by different organizations including fashion retailers,
municipalities, and charities. Once collected, they are sorted by hand, and baled
in containers (Carlsson et al. 2015) to be resold in Europe, or in developing
countries (Dahlbo et al. 2017). Therefore, the present system distinguishes between various levels of quality, but does not assess worn out clothing based on
different fiber compositions, or on the vast spectrum of chemicals and dyes employed.
Therefore, facilitated sorting represents one of the cores in a new textile economy. Suggestions range from robotics to interwoven barcodes, but only a few
have developed to a larger scale (Carlsson et al. 2015). Especially near infrared
(NIR) spectroscopy has received considerable attention recently as it is non-destructive, and simple to integrate online into existing processes (Blanco et al.
1994; Cleve, Bach & Schollmeyer 2000; Tincher & Luk 1985). Technologies such
as Fibersort (Circle Economy 2019) and SIPTex (Boer Group Recycling Solutions 2019) aim to apply NIR scanning to automate conveyor belt sorting based
on material compositions. They operate according to a data set large enough to
cover the majority of fiber types present on the market (Cleve, Bach &
Schollmeyer 2000). Parameters such as moisture content, surface morphology,
and color, nevertheless, tend to influence their output (Rodgers & Beck 2009).
Theoretically, this makes it possible to detect different colors, fabric types, and
finishing agents, although requiring baseline corrections to account for these
factors. Unfortunately, the accuracy of NIR is limited to surface measurements,
which can complicate the detection of multilayer clothing.
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Moreover, the textile industry has not been equipped so far to handle the recycling of multicomponent garments. Blends of natural fibers with synthetics
such as spandex or polyester have been referred to as “monsterous hybrids” as
they are hardly recyclable and consume major amounts of energy and resources
to be processed (Braungart & McDonough 2008). For example, the distinct
chemical nature of cellulose and polyester has prevented them to be recycled
within one process stream. To facilitate their valorization, approaches suggest
the depolymerization of either component (Cowan 1981; Gruntfest & Turner
1974; Oakley, Gorman & Mason 1992; Shen et al. 2013; Ouchi et al. 2010; Guo,
Lindqvist & La Motte 2018), followed by repolymerization, or chain extension
(Awaja & Pavel 2005). On the contrary, the dissolution of cellulose or polyester
helps to ensure the molecular integrity of these waste substrates. Whereas dissolving the latter demands hazardous chemicals and elevated temperatures (Serad 1993), cellulose can be dissolved in non-derivatizing, “green” solvents such
as NMMO (Haule, Carr & Rigout 2016; Björquist et al. 2017) and ionic liquids
(Hauru et al. 2012; Pinkert et al. 2009). In particular, ionic liquids do not require the addition of any stabilizers and can dissolve cellulose at significantly
lower temperatures, while at the same time allowing to use the resulting cellulose solution for the dry-jet wet spinning of MMCFs directly (Meksi & Moussa
2017). A few studies have also demonstrated that these properties can be employed to separate and recover cellulose from synthetic fiber blends, although
none of them has yet been able to prove the feasibility of the concept by fiber
spinning (Lv et al. 2015; Negulescu et al. 1998; Silva, Wang & Byrne 2014).
Another inherent problem in textile recycling is the enormous amount of
chemicals employed in the manufacturing process. Textile dyeing is performed
with more than 10 000 different dyes, of which 70 % amount potentially carcinogenic azo dyes. Because of incomplete dye exhaustion, 10-15% of these dyes
are lost in the waterways during processing (Hassaan & El Nemr 2017). Most
recycling approaches do not contribute to the reduction of these effluents. Recycling studies on the dissolution and respinning of cotton waste often imply to
bleach the waste substrates during the pretreatment stage to obtain an uncolored fiber product, which is more favorable on a commercial scale (Björquist et
al. 2017). Potentially, this leads to a cycle of bleaching, redyeing, and finishing,
repeatedly eradicating and reintroducing desired material properties. However,
to lower the consumption of both chemicals and water, it is essential to maintain
dyes and treatments throughout the whole process chain. This requires colorants and finishing agents to tolerate the chemical environment of the recycling
process so that the original color and other selective properties can be transferred from the waste material to the new textile product. In principle, it has
been shown that in certain cases, dyes can resist the conditions of the Viscose
and the Lyocell process (Haule, Carr & Rigout 2016; Eltz 1995), alkali/urea systems (Liu et al. 2019), or mixtures of ionic liquids and DMSO (Ma et al. 2019).
Nonetheless, systematic studies on the recyclability of dyes within these fiberspinning processes are still missing.
Finally, a lack of technological development, a scarcity of viable upcycling options, and a poor traceability of the global waste chain have so far impeded the
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creation of a circular economy (Boiten, Han & Tyler 2017). Closing the loop in
textile industry demands a large technological input over the entire process
chain, ranging from facilitated material identification and sorting to adequate
separation methods and upcycling processes, and eventually, to a redesign of
clothing towards less complex material compositions and chemicals involved.
The obstacles described above can largely be overcome by the Ioncell technology. The process uses a superbase based ionic liquid 1,5-diazabicyclo[4.3.0]non5-ene acetate ([DBNH][OAc]), which is able to dissolve considerably high
amounts of cellulose at reasonable process temperatures (Sixta et al. 2015). The
cellulose solution produced thereof can be utilized to dry-je wet spin textile
grade fibers with superior tensile properties compared to commercial MMCFs
originating from the Viscose or Lyocell process (Michud et al. 2015). Besides
standard dissolving pulp, the ionic liquid also enables to dissolve cellulosic
waste material including paper, cardboard, and cotton (Ma et al. 2016; Ma et al.
2018; Asaadi et al. 2016).
Similarly, this thesis demonstrates that [DBNH] [OAc] is suitable to separate
cotton and polyester, yielding textile-grade cellulose fibers and a purified polyester residue (Paper II). To evaluate the success of the separation procedure, a
solid-state NMR method was developed to determine the cellulose content in
the blend before and after separation (Paper I). The ionic liquid also provided
an adequate medium to process dyed textile waste to new colored fibers with
excellent wash fastness and tensile properties (Paper III). Ultimately, the Ioncell technology was utilized to integrate noble metal nanoparticles into MMFCs,
which exhibited promising wash fastness and UV protection properties (Paper
IV). Apart from Paper I, all articles include a detailed analysis of the material
properties before and after spinning, a rheological assessment of the spinning
solutions, and a discussion of the fiber properties. Paper III and IV also contain
the conversion of staple fibers into yarns and fabrics, which were studied in
terms of color change, as well as wash and rubbing fastness. Paper IV also evaluates the UV protection properties of the manufactured fabrics and the yield of
the nanoparticles on the cellulose fibers.
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2. Research Questions

This thesis can be considered as continuation of Shirin Asaadi’s and Yibo Ma’s
doctoral dissertations, who investigated different cellulose based raw materials
for dry-jet wet spinning in the Ioncell process. Until this point, however, neither
of them had studied the use of synthetic fiber blends or colored textile waste.
The recycling of cotton and polyester, for example, has always been associated
with substantial challenges due to a lack of characterization and separation
methods. These problematics led to an in-depth study of potential characterization approaches via NMR and the development of a separation procedure for
interwoven cotton polyester blends. In her Master’s Thesis, Eugenia Smirnova
initiated the idea that dyed waste garments can be transformed to new, colored
textile grade fibers. She showed that certain colorants translated well to the new
fiber product, while others substantially leached and impaired the spinnability.
This demanded a more systematic study on the behavior of different dye classes
during recycling. Moreover, this thesis also explored gold and silver nanoparticles as green alternatives to textile dyes and finishing agents to reduce the
amount of chemicals in the textile chain. Accordingly, this research can be summarized by the following questions.
i.
ii.

iii.

iv.

How can solid-state NMR be used to characterize textile blends?
Can cotton and polyester be separated via the Ioncell technology? And
can the cellulose fraction be used to dry-jet wet spin new staple fibers,
while the recovered polyester maintains its molecular mass and structure?
Can dyed, cellulose rich textile waste be spun to new colored manmade cellulose fibers? How do different dyes affect the spinning process? Which sustainable pretreatments are suitable for this approach?
Can gold and silver nanoparticles be incorporated into Ioncell fibers
via a green synthesis method? How to the nanoparticles change the
fiber properties? Are gold and silver nanoparticles a sustainable alternative to currently used highly polluting textile dyes and finishing
agents?
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3.1. Characterization of Textile Waste
Worn out textiles represent a very heterogeneous waste substrate. Apart from
impurities such as buttons and zippers, textiles are composed of a multitude of
different fiber types. As stated before, the current market situation yields mainly
synthetic fibers (62.6%) interwoven with cotton (25.3%), MMCFs (6.4%), natural fibers (4.7%), and wool (1.1%) (The Fiber Year 2019). To close the loop, these
blends need to be characterized and sorted adequately in order to be recycled.
Currently, material identification has focused either on improving textile labelling during manufacturing (i.e. RFID tags and barcodes), or on spectroscopic
detection during recycling (i.e. NIR, ATR, and NMR).
3.1.2. Near Infrared Spectroscopy

Recently, several near infrared (NIR) based technologies have emerged to facilitate the online sorting of waste garments according to their composition and
color. Several EU funded initiatives have been launched to incorporate NIR
techniques into conveyor belt sorting, among them Textiles4Textiles, Fibersort,
and REISKAtex (European Commission 2019; Valvan Bailing Systems 2019;
REISKAtex 2017). Similarly, SIPTex is a Swedish undertaking supported by the
BOER group, which targets to demonstrate a full year operation on a pilot scale
(Boer Group Recycling Solutions 2019). Most of these projects started around
2010 and employ comparable technologies.
Near infrared spectroscopy relies on the detection of molecular oscillations
induced by electromagnetic radiation in a wavelength range of 760-2500 nm.
Overtones and combination vibrations lead to complex spectra, which cannot
be processed based on single signals, but require an analysis of all spectral features (Schwedt 2007). Moreover, parameters such as moisture content, surface
structure, color, and fiber composition tend to influence the obtained results.
Fabrics composed of the same material, nonetheless, show similar key features
that can be further elaborated by advanced chemometrical methods such as partial least squares or principal component analysis (Cleve, Bach & Schollmeyer
2000; Blanco et al. 1994; Rodgers & Beck 2009; Chen et al. 2018).
The success of these approaches is yet largely dependent on the size of the
reference data set, which includes a library of the parameters intended to be
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analyzed. For example, REISKAtex enables to detect single component materials ranging from cotton and Viscose to wool and polyester, and can also identify
textile blends to some extent (Cura & Rintala 2019). Further refinement of
mathematical operations also allows the determination of exact blend compositions (Chen et al. 2018). In principal, NIR technologies display a high recognition rate (97-100%), but they face limitations with small contaminants such as
elastane (Cura & Rintala 2019; Zhou et al. 2019).
3.2.2. Attenuated Total Reflection Spectroscopy

ATR spectroscopy utilizes the interactions between the sample surface and evanescent waves generated by the total reflection of IR radiation on an ATR-crystal. Similar to NIR technologies, this method operates on the comparison of
spectra to a library of reference data sets. If a spectrum cannot be found in the
library, the most similar reference spectrum is subtracted from the signal. Subsequently, the remaining spectrum is compared to a database, and further validated by discriminant, or principal component analysis (Espinoza, Przybyla &
Cox). Likewise, this method enables to distinguish between different cellulosic
fibers such as cotton, linen, or Viscose and can give an estimate on the quantitative fiber composition. Its drawback lies in the considerably bad reproducibility of the generated data caused by the relatively small detection surface on the
ATR-crystal (Peets et al. 2017).
3.2.3. 2D Barcodes and Radio Frequency Identification Tags

Both 2D barcodes and and radio frequency identification (RFID) tags are intended to ensure product authenticity and traceability. Once attached during
manufacturing, they can be used to retrieve information about chemical treatments and material composition. In either case, they are expected to withstand
mechanical deformation induced by wearing and laundering. RFID tags can be
read contactless, while barcodes need to be exposed to a scanner manually.
However, the latter have the advantage that they are easily accessible, and can
be read by anyone equipped with a smartphone (Humpston et al. 2014).
3.2.4. 13C Solid-state NMR

Like NIR, solid-state NMR represents a non-destructive analysis technique,
which can yield information about a sample’s molecular structure, conformation, and its interface dynamics. Each nucleus with a spin quantum number
of ms=1/2 produces a sharp signal once exposed to an external magnetic field.
Therein, the positively charged nucleus begins to rotate parallel to the induced
field until it is disturbed by a rf puls. After the disturbance, the nucleus again
strives for equilibrium. Its relaxation time depends on the chemical environment, which results in a distinct shift in the NMR spectrum. Chemically inequivalent nuclei evolve as separate peaks, while alike nuclei tend to overlap. In general, 13C signals are less resolved than 1H signals due to their lower environmental abundance (1.1%). However, it is possible to compensate for the higher signal
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to noise ratio by signal enhancing techniques such as dipolar decoupling, magic
angle spinning (MAS) and cross polarization (CP) (Martínez-Richa & Silvestri
2012).
Cellulose
In polymers, it is usually distinguished between amorphous and crystalline
regions. The latter is characterized by highly ordered structures, while the former represents a more random arrangement of the polymer chains. Cellulose
exists in various crystal structures dependent on its origin and undergone processing conditions. Native celluloses are combinations of triclinic Iα and the
monoclinic Iβ structures, which deviate in their hydrogen bonding pattern. The
Iβ form is chemically more stable and occurs more abundantly in higher plant
species such as cotton, wood and ramie fibers (Heinze 2016). Moreover, cellulose Iα can be converted to cellulose Iβ by thermal treatment (Liitiä, Maunu &
Hortling 2000). In contrast, cellulose II is formed by the dissolution and coagulation of cellulose I (Heinze 2016).
As stated before, NMR analysis can differentiate between chemically inequivalent nuclei. Besides, it is also possible to distinguish between equivalent atoms
that differ magnetically (Martínez-Richa & Silvestri 2012). This implies that the
carbon signals of various crystal structures and amorphous regions appear at
different shifts in the NMR spectrum. Figure 1 displays the labelled, molecular
structure of cellulose. C1, C4, and C6 tend to appear as single peaks with shifts
of 102-108 ppm, 81-83 ppm, and 60-70 ppm, respectively, whereas the signals
of C2, C3, and C5 overlap around 81-93 ppm (Atalla & VanderHart 1999).

Figure 1. Molecular structure of cellulose.

In particular, the signals of C1, C4 and C6 exhibit visible contributions of both
amorphous and crystalline regions. This enables to determine the quantitative
composition of different crystallite structures through peak deconvolution
(Larsson, Wickholm & Iverson 1997). For this procedure, it has commonly been
agreed on that the C4 peak is more suitable than the C6 and C1 signals as it
shows a better resolution of amorphous and crystalline regions (Maunu et al.
2000).
Larrson et al. proposed a combination of five Gaussian and three Lorentzian
functions to integrate the C4 signal of native cellulose (s. Figure 2 and Table 1)
(Larsson, Wickholm & Iverson 1997).
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Figure 2. Deconvolution of the C4 region of cellulose in a NMR spectrum recorded from
cotton linters (Zuckerstätter et al. 2009).
Table 1. Fit parameters for the C4 region of cellulose I samples. Adapted with permission from (Larsson, Wickholm & Iverson 1997). Copyright (2020) Elsevier.
Assignment

δ / ppm

FWHH / Hz

Line type

Iα

89.5

29

Lorentz

I(α+β)

88.7

30

Lorentz

Paracrystalline

88.4

153

Gauss

Iβ

87.9

53

Lorentz

Amorphous / inaccessible fibril surface (IAFS)

84.9

479

Gauss

Fibril surface (AFS)

84.1

80

Gauss

Fibril surface (AFS)

83.2

60

Gauss

Hemicelluloses and cellulose oligomers

82.3

135

Gauss

The three Lorentzian functions describe the Iα and Iβ contributions in the
structure, while the Gaussian fits account for the paracrystalline and amorphous
regions, as well as for the fibril surfaces and hemicelluloses. This assignment
follows a fibril model established by Wickholm and Larsson. It is assumed that
the paracrystalline regions between the inner crystalline cellulose (i.e. Iα, Iβ, and
I(α+β)) and the inaccessible fibril surface (IAFS) follow an ordered structure
somewhat different from the Iα and Iβ crystallites. In contrast, the inaccessible
surface area is considered only as an amorphous contribution in the cellulose
structure (s. Figure 3) (Wickholm, Larsson & Iverson 1998; Larsson, Wickholm
& Iverson 1997). In any case, both peak position and width are fixed, whereas
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the peak height can be varied according to the signal intensity. After integration,
the crystallinity ratio Crl [%] can be calculated as follows,

݈ݎܥሾΨሿ ൌ

൫ூഀ ାூഁ ାூሺഀశഁሻା௬௦௧Ǥ൯כଵΨ
ሺூഀ ାூഁ ାூሺഀశഁሻ ା௬௦௧Ǥାிௌାூிௌሻ

(1)

where Iα and Iβ describe the content of cellulose Iα and Iβ, while I(α+β) denotes a
mixed peak of Iα and Iβ. Paracryst., AFS, and IAFS refer to the paracrystalline
regions, and to the accessible and inaccessible fibril surface (Zuckerstätter et al.
2009).

Figure 3. Model of fibril aggregates (left) and single cellulose fibrils according to Wickholm et al. 1998 and Larsson et al. 1997. IC denotes the inner-crystalline regions of
cellulose such as Iα, Iβ, and I(α+β), while AFS and IAFS describe the accessible and inaccessible fibril surface area, respectively. The paracrystalline region can be found between IC and IAFS. Image copied with permission from (Zuckerstätter et al. 2009).

Moreover, the integrated functions can also be used to calculate the fibril
width (FW) from the fibril surface area fraction (qfibril),

ݍ ൌ

ிௌାூிௌ
ூഀ ାூഁ ାூഀశഁ ାǤାிௌଵାிௌଶାூிௌ

ܹܨሾ݊݉ሿ ൌ

Ǥହήሺସାඥଵିଵή್ೝ
ଶή್ೝ



(2)

(3)

where 0.57 denotes the length of one glucan unit in nm (Wickholm, Larsson &
Iverson 1998; Zuckerstätter et al. 2009).
According to Zuckerstätter et al., Larrson’s model only suits to describe the
crystallinity of cellulose I samples. Higher amounts of cellulose II, such as in
regenerated fibers, are more appropriately determined by using Newman’s or
Ibbett’s approach. Both assigned four Gaussian functions to deconvolute crystalline, amorphous and partly ordered regions (Newman & Davidson 2004; Ibbett et al. 2010; Ibbett, Domvoglou & Fasching 2007). Signal enhancing methods such as the wetting of cellulose or the addition of 4-OH-TEMPO led to the
discovery of two further sharp lines, which were identified as surface crystalline
and short cellulose chain contributions (Zuckerstätter et al. 2013). Based on
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these results, Zuckerstätter et al. proposed a deconvolution approach employing
two Lorentzian and four Gaussian functions (s. Figure 4 and Table 2).

Figure 4. Highly resolved NMR spectrum of regenerated Lyocell fibers with deconvolution of the C4 region based on crystalline cores, accessible and inaccessible crystallite
surfaces (ACS, IACS), hemicelluloses contribution, and C2-3-5 signal (Zuckerstätter et
al. 2013).
Table 2. Fit parameters for the C4 region of cellulose II samples according to (Zuckerstätter et al. 2013).
Assignment

δ / ppm

FWHH / Hz

Line type

88.7

51

Lorentz

87.5

57

Lorentz

Accessible crystallite surface I (ACS I)

86.1

84

Gauss

Accessible crystallite surface II (ACS II)

84.5

89

Gauss

83.9

338

Gauss

81.7

89

Gauss

Crystalline core
Crystalline core + accessible crystallite surface (ACS)

Amorphous / inaccessible crystallite surface
(IACS)
Hemicelluloses and cellulose oligomers

Like the deconvolution of cellulose I, the Lorentzian fits are attributed to the
crystalline core, whereas the Gaussian lines describe the accessible and inaccessible crystallite surfaces (ACS, IACS), as well as the influence of possible hemicelluloses present in the sample. Furthermore, a seventh function was added to
account for the contribution of the C2-3-5 signal (Zuckerstätter et al. 2013).

12

Background

This implies that the crystallinity ratio Crl [%] for cellulose II is calculated
from the sum of crystalline cores ∑ cryst. and the amount of accessible crystallite surfaces ∑ ACS,

݈ݎܥሾΨሿ ൌ σ ܿݐݏݕݎǤ σ ܵܥܣ
σ ܿݐݏݕݎǤ ൌ
σ  ܵܨൌ

௬௦௧Ǥାቀ௬௦௧ǤƬௌǤ

(4)
ೝೞǤ
ቁ
ೝೞǤశಲೄ

௬௦௧Ǥା௬௦௧ǤƬௌǤାௌூାௌூூାூௌǤ

ௌூାቀ௬௦௧ǤƬௌǤ

ಲೄ
ቁାௌூூ
ೝೞǤశಲೄ

௬௦௧Ǥା௬௦௧ǤƬௌାௌூାௌூூାூௌǤ

(5)

(6)

where cryst. denotes the crystalline core, while cryst.&ACS describe the combined signals of crystalline regions and accessible crystallite surfaces. ACS I,
ACS II, and IACS represent the accessible and inaccessible crystallite surface
areas, respectively. Accordingly, the resulting fibril surface area fraction qfibril is
determined by the sum of ACS I and ACS II divided by the added sum of crystalline cores and the sum of accessible crystallite surface contributions (Zuckerstätter et al. 2013).
ௌூାௌூூ

ݍ ൌ σ

௬௦௧Ǥା σ ௌ

(7)

Insertion of qfibril into equation (3) finally yields the fibril width FW as proposed by Wickholm et al. 1998 (Wickholm, Larsson & Iverson 1998).
Polyester
Comparable to cellulose, solid-state NMR studies of polyethylene terephthalate (PET) fibers tend to focus on molecular dynamics and structural investigations (English 1984). As shown in Figure 5, PET is composed of two carboxylic carbons (C1 and C8), an aromatic unit (C2, C3, C4, C5, C6, and C7), and an
ethynyl group (C9 and C10). In the NMR spectrum, the latter appears at a shift
of 62-64 ppm, while the carboxylic and aromatic lines can be found at 164-166
ppm and 130-134 ppm (Gabrielse et al. 1994).

Figure 5. Chemical structure of PET.

Crystalline regions usually exhibit an enhanced resolution, while amorphous
areas are more prone to cause peak broadenings because of a higher isotropic
distribution of the resonating nuclei (Bai et al. 1998). It is also known that a
decrease in crystallinity can lead to a downward shift of the ethynyl and carboxyl
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resonances (Gabrielse et al. 1994). Moreover, 1H spin-lattice relaxation time experiments can be used to estimate crystallite sizes and the quantitative compositions of ordered and amorphous regions (Nascimento et al. 2004; Gabrielse et
al. 1994). However, a more detailed description of the analytics of PET is beyond
the scope of this thesis.
Composition Analysis of Cotton Polyester Blends
Only a very limited amount of research applies 13C solid-state NMR to quantitatively characterize fiber compositions in textile blends. More frequently, NMR
is employed to either detect the purity of recovered sample substrates (Silva,
Wang & Byrne 2014), or to assess a change in crystallinity throughout laundering (Palme et al. 2014). However, Coletti and Mathias developed a quantification method for cotton polyester blends based on peak height relationships.
When comparing the C1 peak of cellulose (104 ppm) and the carboxyl peak of
polyester (162 ppm), it was found that their peak height ratio correlates with the
blend ratio in textile samples. The establishment of a linear regression model
then led to an accurate material composition. A correlation between the ratios
of peak areas and fiber compositions had also been investigated, but was not
found to yield as accurate information, presumably because of undefined integration areas and a too high signal to noise ratio (Colletti & Mathias 1988).

3.2. Pulp and Cellulose Rich Waste Textiles as Substrates for DryJet Wet Spinning
Successful dry-jet wet spinning is a matter of the cellulose substrate. It requires being free of any impurities that could prevent the dissolution of cellulose
or impede the formation of filaments during extrusion. Furthermore, the samples need to display distinct viscosities and appropriate molar mass distributions. Like the Lyocell process, the Ioncell technology relies on a broad molar
mass distribution and a viscosity range close to 400-500 ml/g. During dissolution and regeneration, short polymer chains are supposed to serve as fillers,
while long cellulose strains aim to provide fiber strength. Stable spinning is thus
only possible with sufficient pulp purity and optimal macromolecular properties
such as a PDI above 3.0 and a share of low and high molecular weight fractions
(DP<100, DP>2000) above 3% and 22.5%, respectively (Michud, Hummel &
Sixta 2015) .
3.2.1. Dissolving Pulp (PHK)

Dissolving pulp shows a high cellulose content (>90%), which is mainly used
for regenerated MMFCs or cellulose derivatives including ethers and esters.
During pulping, harvested wood logs are converted into wood chips and are further broken down to cellulose fibers via various mechanical and chemical treatments. A prehydrolysis step removes the hemicelluloses, while kraft pulping
separates the cellulose fibers from lignin. Bleaching finally tailors the substrate’s purity by removing metallic contaminants, so that the pulp becomes applicable in various regenerated fiber processes (Sixta 2006).
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3.2.2. Textile Fibers

Garments undergo many different processing steps followed by wearing and
washing, until they eventually end up as textile waste. These conditions lead to
very complex waste materials, which challenge any recycling process (Hinkka,
Heikkilä & Harlin 2018). The subsequent sections aim to highlight the arising
difficulties in the recycling of cellulosic textile fibers in respect to cotton,
MMCFs, and cellulose polyester blends.
Cotton
As stated earlier, textile production yields two major waste streams composed
of pre- and post-consumer material. Whereas pre-consumer cotton is generated
during the production stage, the latter term refers to worn out clothing. In contrast to post-consumer cotton, pre-consumer fibers resemble a pristine cotton
product (i.e. η≈2000 ml/g) with a traceable history (Muthu 2014). However,
once a garment is purchased, it undergoes various degrading procedures ranging from sunlight exposure to abrasion triggered by wearing and laundering
(Wedin et al. 2018; Palme et al. 2014). When recycled, these two types of cotton
waste require different processing conditions. Especially pre-consumer cotton
demands extensive pretreatments to reach a target viscosity between 400-500
ml/g to be used in dry-jet wet spinning (Silva & Byrne 2017). The adjustment of
these properties can be attained through various treatments employing electron
irradiation, ozone, peroxides, acids, and enzymes (Silva & Byrne 2017; Asaadi
et al. 2016; Björquist et al. 2017; Haule, Carr & Rigout 2016; Ma et al. 2016). In
contrast, the properties of post-consumer cotton are more scattered and largely
dependent on wearing time and washing conditions, which can decrease its viscosity to a range already suitable for a spinning process (Wedin et al. 2018).
Given an adequate removal of impurities, the recycling of post-consumer cotton
may therefore demand less chemicals to obtain the desired material properties
for a regenerated fiber production (Palme et al. 2014). As for any other textile
fiber, the recyclability of cotton, however, also strongly depends on dyes, finishing agents, and the presence of other fiber types, whose impact will be further
discussed in the following chapters.
Man-Made Cellulose Fibers
MMCFs show intrinsically lower limiting viscosities (150-450 ml/g), which
arise from distinct processing conditions during manufacturing (cf. Viscose and
Lyocell technology) (Woodings 1995). Moreover, dissolution and regeneration
of cellulose cause MMCFs to form a thermodynamically more stable structure
referred to as cellulose II (Heinze 2016). Both aspects, viscosity and macromolecular conformation, influence the recyclability of MMCFs. In particular, the
latter may affect the solubility of cellulose in the solvent due to altered crystallinity levels and hornification caused by chemical operations and drying (Siller
et al. 2014).
In principle, it can be assumed that textiles made from MMCFs are subjected
to the same degradation mechanisms as cotton fibers. The difference lies in their
distinct polymer chain lengths. It is widely known that longer polymer chains
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are more susceptible to degradation than shorter ones. Despite these circumstances, degradation in MMCFs occurs when worn, but in a smaller extent than
in cotton fibers. This makes MMCFs less suitable to be recycled in a dry-jet wet
spinning process as their viscosities (100-340 ml/g) fall far below the target
range of 400-500 ml/g (Wedin et al. 2018). An implementation of worn out
MMFCs into regenerated fiber processes seems hence only viable in combination with virgin pulp substrates.
Blends of Cotton and Polyester
Due to their different chemical nature, cotton and polyester cannot be recycled
in one process stream. Polyester is thermoplastic and shows a high hydrophobicity, while cellulose is largely moisture absorbent and infusible even at elevated temperatures. Consequently, cotton polyester blends cannot be converted
to value-added products without separation. As described in the introduction,
their separation requires either the dissolution or the degradation of one of the
two components to enable further processing.
Polyester can only be dissolved at high temperatures in hazardous solvents
such as dimethyl sulfoxide or hexafluoro isopropanol, which also affect the molecular integrity of cellulose (Serad 1993; Farah et al. 2014). Therefore, most
approaches have rather focused on the degradation of polyester employing various types of hydrolysis reactions (Barot & Sinha 2015; Oakley, Gorman & Mason 1992; Palme et al. 2017; Shen et al. 2013). These procedures leave the macromolecular properties of cellulose largely unaffected, while the cotton residue
can be recovered for subsequent recycling processes (Palme et al. 2017). Nonetheless, the depolymerized building blocks of polyester need to undergo repolymerization or chain extension reactions to create a closed loop economy (Awaja
& Pavel 2005; Sun et al. 2018).
Likewise, cellulose can be hydrolyzed in an acidic environment (Cowan 1981;
Gruntfest & Turner 1974; Ouchi et al. 2010; Shen et al. 2013). Under adequate
conditions, hydrochloric acid degrades cotton to a microcrystalline cellulose
powder, which can be separated from the polyester residue. The latter can then
be respun to PET yarns suitable for textile applications (Sun, Hongyu, Li, Chunguang et al. 2018). The drawback is that neither of the cellulose fractions remain
applicable in dry-jet wet spinning processes due to their low degree of polymerization.
Preferably, cellulose is thus dissolved in non-derivatizing solvents such as
ionic liquids and NMMO as they enable to ensure the preservation of its macromolecular structure (Brinks et al. 2013; Negulescu et al. 1998). After dissolution, polyester can be recovered through simple filtration procedures to be fed
back into conventional recycling processes (Silva, Wang & Byrne 2014). This
concept has yet been demonstrated utilizing 1-ally-3-methylimidazolium chloride, 1-butyl-3-methylimidazolium chloride, 1-butyl-3-methylimidazolium acetate as well as NMMO (Silva, Wang & Byrne 2014; Lv et al. 2015; Negulescu et
al. 1998; Brinks et al. 2013). Although these methods could show a successful
separation of cotton and polyester, neither of them has so far been able to spin
textile grade fibers from the separated cellulose solutions.
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The absence of a proof of concept can mainly be attributed to the vast heterogeneity of blended textile waste. Similar to pure cotton, blended, cellulose rich
waste garments demand appropriate pretreatment conditions, which should
display a minor impact on the polyester fractions. Unfortunately, this aspect has
not been incorporated sufficiently into recent studies.
3.2.3. Textile Dyes

The global production of textile dyes exceeds more than 80 000 tons annually,
of which 70% amount potentially cancerogenic azo dyes that are hardly biodegradable, and detrimental to fauna and flora. 10-15% thereof disappear as effluents during the manufacturing of clothing (Hassaan & El Nemr 2017).
The chemical recycling of dyed waste garments offers two possible pathways
including either the removal or the preservation of the colorant. On an industrial level, worn out garments are preferably bleached before being reprocessed
to new textile fibers because of aesthetical and sanitary concerns. As subsequent
redyeing is inevitable, this approach demands more processing steps causing a
higher consumption of chemicals and water. In contrast, the translation of the
color from the waste substrate to the new cellulose product can decrease the
environmental footprint of upcycling substantially (Terinte et al. 2014).
The dry-jet wet spinning of colored cellulose waste resembles spin dyeing, a
technology regularly employed for the mass coloration of synthetic fibers.
Therein, the dye present in the substrate should neither impair the dissolution
in the solvent, nor restrict the formation of filaments during extrusion (Tawiah
& Asinyo 2016). Moreover, the dye is required to coagulate together with the
formed filaments to prevent an extensive contamination of the spinbath. Accordingly, spun-dyed cellulose fibers have yet been colored with dyed cotton
waste, inorganic pigments, and vat dyes (Ruef 2000; Bartsch & Ruef 1999;
Bechtold & Manian 2006; Manian, Ruef & Bechtold 2007; Eltz 1995).
In particular, Indanthrenes exhibit a good thermal and chemical stability because of their aromatic structure (Mahapatra 2016). In general, vat dyes are water insoluble, but when converted to their reduced leuco form, they can be dissolved in water under alkaline conditions (s. Figure 6). Atmospheric oxygen or
peroxides consequently precipitate the dyes on the cellulose structure (Chattopadhyay 2011).

Figure 6. Chemical reactions during vat dyeing as described in (Chattopadhyay
2011). Copyright (2020) Elsevier.
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Although this results in an excellent substantivity and wash fastness in conventionally dyed textiles, this can represent a challenge in regenerated fiber processes. The redox activity of NMMO or certain ionic liquids can trigger a destabilization of the dyes accompanied by the formation of peroxides degrading the
cellulose structure (Chattopadhyay 2011). Additionally, the limited solubility of
vat dyes can also contribute to the formation of solid aggregates in the spin dope
and the coagulation bath (Bartsch & Ruef 1999; Bechtold & Manian 2006).
Until the end of the post-war era, about one-half of the cellulosics were dyed
with indigo and vat dyes. Nowadays, they have partly been replaced by cheaper
and chemically more stable reactive dyes. Reactive dyes are composed of a solubilizing unit, a chromophore and a reactive group connected via a bridging unit
(s. Figure 7). Dependent on the reactive group, they form covalent bonds with
the hydroxyl groups of cellulose via nucleophilic substitution (i.e. halotriazines,
or haloquinoxalines in Levafix dyes) or addition reactions (i.e. vinylsulfone
groups in Remazol dyes) (Mahapatra 2016). Overall, reactive dyes can withstand color removal treatments better than direct dyes (Määttänen et al. 2019),
and colorants with anthraquinone units in particular were shown to have a high
tolerance towards commercial laundering and oxidative bleaches (Bigambo et
al. 2018). To a certain degree, the strong covalent bonding of reactive dyes also
tends to cross-link the cellulose structure, which can affect the final solubility of
colored cellulose waste in ionic liquids or NMMO (Chattopadhyay 2011).

Figure 7. Chemical structure of C. I. Reactive Blue 109 with chromogen, bridging group,
and reactive group as depicted by (Mahapatra 2016). Copyright (2020) Woodhead Publishing India.

The dye exhaustion of reactive dyes is influenced by the functionality of the
dye structure. In an acidic environment, reactive dyes can undergo irreversible
hydrolysis, which decreases the dyeing efficiency especially in the case of monofunctional dyes. Their hydrolyzed form usually remains unreacted on the cellulose surface, where it reduces the color fastness after an insufficient boil-off
(Mahapatra 2016). The resulting poor wet fastness may be a drawback during
dissolution and coagulation as the unreacted dye may leach into spinbath requiring a clean out after the recycling process.
A short description of other important cellulose dyes such as direct, sulphur
and azoic dyes is given in Appendix 1.
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3.3. Dissolution of Cellulose in Ionic liquids and Dry-Jet Wet Spinning
Ionic liquids (ILs) have emerged as sustainable alternatives to the Lyocell and
the potentially polluting Viscose technology. As their anions and cations can be
arranged in more than 1018 different combinations (Holbrey & Seddon 1999),
ILs can be tailored efficiently according to their desired applications. Cellulose
dissolving ILs are characterized through bulky, asymmetric cations, and smaller
anions with delocalized charge. This arrangement prevents a dense packing of
the crystallites, which is responsible for their considerably low melting points
(<100°C). Because of strong electrostatic interactions, ILs also show a negligible
vapor pressure and a high thermal stability, which allows their recovery through
simple recycling procedures such as distillation (Meksi & Moussa 2017).
The first steps towards cellulose dissolution and fiber regeneration were made
by Laus et al. and Bentivoglio et al. using a variety of imidazolium-based chlorides. In particular, 1-ally-3-methylimizalium chloride [AMIM] [Cl] and 1-butyl3-methylimidazolium chloride [BMIM] [Cl] were demonstrated to display
promising properties for cellulose processing. Their application was yet accompanied by a considerable degradation of cellulose, which could only be prevented by the addition of stabilizers (Laus et al. 2005; Bentivoglio et al. 2006).
In 2008, Hermanutz et al. proposed 1-ethyl-3-methylimidazolium acetate
[EMIM] [OAc] as a non-corrosive alternative to the earlier suggested halide
based ILs. The obtained fiber properties were similar to commercial Lyocell or
Viscose dependent on the process conditions applied (Hermanutz et al. 2008).
Similarly, Wendler et al. utilized [EMIM] [OAc], 1-butyl-3-methylimidazolium
acetate [BMIM] [OAc], and their chlorine-based equivalents for fiber spinning
reaching tensile strengths up to 53 cN/tex (Wendler et al. 2009). Overall,
[EMIM] [OAc] represents the first-generation ionic liquid with the highest solvent power, but its spinnability is restricted by its relatively small spinning window for cellulose (Kosan, Michels & Meister 2008; Sixta et al. 2015).
Superbase-based ionic liquids have thus drawn considerable attention as they
enable to compensate for these drawbacks. Developed by our collaborators at
Helsinki University (Parviainen et al. 2014), especially 1-diazabicyclo[4.3.0]non-5-enium acetate [DBNH] [OAc] (i.e. Ioncell) was found to exhibit
outstanding dissolution power for various cellulose substrates ranging from
wood pulp, to paper, and waste cotton (Asaadi et al. 2016; Ma et al. 2018; Ma et
al. 2016; Sixta et al. 2015; Michud et al. 2015). The spinning approach of the
Ioncell process resembles the Lyocell technology, yet are its processing conditions milder and do not require any stabilizers (Sixta et al. 2015). In addition,
its fibers properties were shown to exceed commercial Lyocell products
(Michud et al. 2015; Asaadi et al. 2016), which places this technology in a highquality sector with a large market potential.
3.3.1. Dissolution Mechanism

In a Lyocell-type process, cellulose dissolves according to different mechanisms based on the water content in the cellulose solvent mixture. At higher
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concentrations of water (>19%) ballooning occurs before dissolution, while
purer solvent fractions cause a direct, homogenous disintegration of the cellulose substrate (Cuissinat & Navard 2006).
The dissolution of cellulose relies on an increase of the intermolecular attraction forces between the solvent and the polymer, followed by a reduction of the
interactions within the cellulose structure (Fink et al. 2001). In case of ionic liquids, this implies that hydrogen bonds between the polymer chains are disrupted, while an enhanced interaction between the anions and hydroxyl groups
takes place. According to Novoselov et al., the cation does not contribute to any
direct interactions with the polymer, although it was found to compete for hydrogen bonds (Novoselov et al. 2007). On the contrary, Rabideau et al. suggested that the cation participates in the solvation process by establishing dispersion interactions between the apolar fractions of the polymer. In doing so,
cations and anions can form larger chain networks along the cellulose strand,
which eventually interact with both polar and non-polar domains in the molecule (Rabideau, Agarwal & Ismail 2014).
Subsequently, swelling induces a disruption of interchain hydrogen bonds between the hydroxyl groups of cellulose on the C3 and C6, accompanied by competitive hydrogen bonding within the cellulose structure and the protic cation
(s. Figure 8).

Figure 8. Dissolution of cellulose with [DBNH] [OAc] including competitive hydrogen
bonding within the cellulose structure and the protic cation. Reprinted with permission
from (Parviainen et al. 2013). Copyright (2020) Wiley.

A too pronounced acidity makes a cation a stronger hydrogen bond donor
than the hydroxyl groups of cellulose, which weakens the enthalpy gain of the
dissolution process, thereby reducing the solubility of cellulose in the respective
IL. This is the reason why, for example, pyridine or Hunig Base based ILs fail to
dissolve cellulose, while DBN, 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU) or 7methyl-1,5,7-triazabicyclo(4.4.0)dec-5-ene (mTBD) based ionic liquids solubilize cellulose efficiently (Parviainen et al. 2013).
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This idea is further elaborated using solvent descriptors such as Kamlet Taft
parameters. Therein, π* highlights the polarizability of the solvent, whereas α
and β describe its hydrogen bond acidity and basicity, indicating its ability to
donate or accept hydrogen bonds, respectively. Hauru et al. found a linear correlation between the net basicity (β-α) and β by investigating the solubility of
cellulose in various solvent systems (s. Figure 9).

Figure 9. Solution window of various cellulose solvents and ionic liquids dependent on
the net basicity (β-α) and β according to (Hauru et al. 2012)

As mentioned before, the net basicity underlies the assumption that the hydrogen bond donor capacity of the cation influences the solubility of cellulose in
the ionic liquid. Therefore, higher β values combined with lower acidity result
in an increased solvent power yielding a solution window for cellulose in the
range of 0.35< β-α<0.9, and 0.80<β<1.20 (Hauru et al. 2012)
3.3.2. Rheological Properties of Cellulose Ionic Liquid Solutions

First of all, it is important to note that the rheological properties of cellulose
IL solutions are determined by an interplay of solvent properties, cellulose concentration, and temperature. Dynamic strain sweep tests allow to determine the
complex viscosity η* as well as loss and storage modulus (G’, G’’) dependent on
the angular frequency (ω).
After extrapolation of η*, the zero shear viscosity η0* can be obtained as a system descriptor employing the Cross or the Carreau model (Sammons et al.
2008). η0* increases with cellulose concentration and DP, while it is lowered by
a rise in temperature (Chen et al. 2009; Sescousse et al. 2010). In a similar manner, less branched ILs tend to decrease the zero shear viscosity (Kosan, Michels
& Meister 2008). Most IL solutions display a Newtonian plateau over a lower
angular frequency range, while shear thinning occurs at elevated shear rates
(Gericke et al. 2009) Therefore, with increased shear stress, the entanglements
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between the polymer chains are diminished accompanied by a certain desolvation of the substrate. This can also be observed in the critical point for shear
thinning, which shifts to lower frequencies with higher concentrations and DP
(Chen et al. 2009).
Similarly, these factors influence the position of the crossover point of G’ and
G’’ (G’=G’’). In literature, G’=G’’ is considered as the gelation point of a solution,
indicating a change of its behavior from a viscous to an elastic state (Mezger
2018). For increased cellulose concentrations and lowered temperatures, this
alteration takes place to lower shear rates as entanglements between the polymers are fostered (Sammons et al. 2008; Chen et al. 2009). The values of the
dynamic moduli per se describe the nature of the molar mass distribution. Highvalues account for long, monodisperse polymer chains, while lower results indicate a broader distribution (Mezger 2006).
Concerning the Ioncell technology, cellulose solutions with broader molar
mass distributions have been favored for fiber spinning, since a combination of
short and long polymer chains provide fiber elasticity and high tensile strength
(Michud, Hummel & Sixta 2015). In terms of rheology, this is embodied by
20 000< η0*< 30 000 Pa s, 2 000<G’=G’’=4 000 Pa, and 0.5 < ω <1.3 s-1
(Michud et al. 2015; Ma et al. 2018; Ma et al. 2016; Asaadi et al. 2016).
3.3.3. Factors Influencing the Spinning Process

In 1964, Ziabicki et al. already concluded that any liquid can be drawn to filaments if appropriate process conditions are applied (Ziabicki & TaksermanKrozer 1964a). This hypothesis indicates that only two major factors limit the
length of a filament, among them cohesion and capillary break. The latter is predominant in liquids with low viscosity, whereas the former primarily affects
highly viscous solutions (Ziabicki & Takserman-Krozer 1964b). Cellulose solutions with spinnable concentrations are known to show a homogenous polymer
distribution, which exhibit only negligible breaks of their microfluidic structure
under increased shear stress (Haward et al. 2012).
During dry-jet wet spinning, a cellulose solution is extruded through a spinneret with small nozzles to form single liquid threads (s. Figure 10).

Figure 10. Scheme of lab-scale dry-jet wet spinning. Reprinted with permission from
(Michud, Hummel & Sixta 2016). Copyright (2020) Wiley.
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In the cylindrical capillaries of the nozzles, a pre-orientation of the cellulose
chains occurs through shear forces, which is is further enhanced when stretched
in the air-gap. Therefore, the air-gap is crucial to structure formation. Along the
liquid thread, downward from the spinneret until the coagulation bath, a temperature gradient is created that influences the diffusion of moisture into the
filament structure. Due to considerably long relaxation times, the liquid thread
adapts a gel like structure that fortifies the polymer orientation, which is finally
locked in the coagulation bath (Fink et al. 2001).
The water triggers a phase separation, breaking down the interactions of the
solvent and cellulose. Throughout diffusion, a lamellar nucleus is formed, eventually leading to a buildup of a crystalline, fibrillary structure (Fink et al. 2001).
In NMMO and [DBNH] [OAc], this process starts with fast diffusion rates (93%
and 77%) enhancing the creation of a polymer network. In contrast, poor dissolution states, as found in weak cellulose solvents or with high concentrations,
lead to a gel-like character that prevents a reinforcement of the molecular orientation, eventually causing a bad spinnability of the substrate (Hauru et al.
2016).
Practically, this implies that the spinnability of cellulose solutions is determined by the extrusion velocity, the air-gap length, the draw ratio (DR), as well
as by the humidity and temperature (Fink et al. 2001). Accordingly, Hauru et
al. defined a spinning envelope for monofilament, dry-jet wet spinning (s. Figure 11)

Figure 11. Scheme of spinnable and unstable spinning conditions for monofilament
dry-jet wet spinning with a length of diameter ratio of 2. Reprinted with permission
from (Hauru et al. 2014). Copyright (2020) Springer.

High DRs are desirable in a spinning process, as they are accompanied with
high fiber orientation and tensile strength, although no further enhancement
happens after a certain benchmark (DR=6) (Michud, Hummel & Sixta 2016).
Also the fiber crystallinity is marginally influenced by the take-up velocity,
which is reflected in smaller alterations at lower DRs (Fink et al. 2001). As displayed, high DRs can neither be achieved by very fast extrusion speeds, nor by
very low velocities. The latter induces a cohesive breakage of the filaments due
to partial regeneration before entering the waterbath, whereas the former drives
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the cylinder pressure over a critical limit (Hauru et al. 2016). However, it needs
to be noted that the values displayed in Figure 11 only apply for a distinct experimental set-up and may vary once larger spinnerets are used. It is likely that an
optimization of the length to diameter ratio may yield higher optimal extrusion
velocities than discussed by Hauru et al.
Ultimately, temperature and type of the spinbath also contribute to the structure formation. In contrast to water, milder anti-solvents, such as ethanol or
isopropanol, result in longer relaxation times, which positively affect the fiber
elasticity (Fink et al. 2001), although they can decrease the tensile strength and
promote technical problems due to explosive mixtures. A comparable effect is
observed with low spin bath temperatures. Lower diffusion rates trigger the formation of a stronger liquid core in the filament that is able to withstand deformation forces better than fibers regenerated at elevated temperatures (Michud,
Hummel & Sixta 2016).

3.4. Surface Plasmon Resonance
The utilization of surface plasmon resonance dates back to late antiquity,
where the outstanding optical properties of noble metal nanoparticles were employed to introduce color in so-called “gold ruby glass” (Louis & Pluchery 2012).
The most prominent example is the Lycurgus cup, an ancient Roman artefact,
manufactured in the 4th century AC. When light penetrates its glass from the
front, the cup appears green, while illumination from the back colors it red.
These distinct appearance originates from an alloy of gold and silver nanoparticles in the artefact (Hornyak et al. 1997). It is questionable whether manufactures during this time were yet fully aware of how to prepare nanoparticles from
silver or gold. Nowadays, surface plasmon resonance is well understood. Since
the 1990s, this field has grown tremendously with 6572 articles published in
2019 (Louis & Pluchery 2012) (ISI Web of Knowledge, search word “plasmon”
Feb. 13, 2020).
Localized surface plasmon resonance occurs when the size of a particle is much
smaller than the wavelength of incident light. This usually applies to substrates
in the nano range between 1-100 nm. Noble metals exhibit an electron cloud
around their core, moving freely on the metal surface. The electromagnetic field
induced by light causes a polarization of the surface electrons around the nanoparticles (s. Figure 12). The created surface charge is opposed to the electromagnetic field of the exciting radiation, which consequently triggers a restoration
force due to Coulomb interactions between the electrons and the nuclei (Kelly
et al. 2003). In case of particles larger than their atomic, mean free path, light
scattering and heat emission may weaken the emerging oscillation. Below this
size, no scattering takes places and the absorption peaks of the nanoparticles
appear more pronounced (Eustis & El-Sayed 2006).
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Figure 12. Schematic illustration of surface plasmon resonance occurring in spherical
nanoparticles. Reprinted with permission from (Kelly et al. 2003). Copyright (2020) ACS
Publishing.

The absorption of light also depends on the electron density, the dielectric constant of the surrounding medium, the type of metal, and the aspect ratio of the
nanoparticles (Kelly et al. 2003; Hutter & Fendler 2004). This relation is expressed by a simplified version of the Mie theory describing the extinction cross
section ߪ௫௧ of a particle with a size far below the wavelength of incident light.
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߱ denotes the angular frequency of the exciting radiation, ܸை the particle volସగ
ume ቀ ቁ ܴ ଷ , ߝ the dielectric constant of the chemical environment, and ߝଵ and
ଷ

ߝଶ the real and imaginary contributions of the dielectric function (Kreibig &
Vollmer 1995). A surface plasmon band becomes visible either when ߝଵ ሺ߱ሻ ൌ
െʹߝ , ߝଶ ሺ߱ሻ is relatively low, or displays a weak dependency on ω. This equation
does not account for the particle size, which thus requires to be compensated
for with size dependent dielectric constants (Hutter & Fendler 2004).
However, the impact of the particle size on the apparent color of the nanoparticles is comparably small. Anisotropy has a significantly larger influence on the
location of the surface plasmon band in the absorption spectrum. This phenomenon is described by Gan’s dipol approximation, which is an extension of the
Mie theory (Perez-Juste et al. 2005). The concept indicates that nanoparticles
with a high aspect ratio tend to show two separate surface plasmon bands. As
implied in Figure 13, the transverse surface plasmon band occurs at a similar
position as the peak for spherical nanoparticles (i.e. around 520 nm for Au, and
420 nm for Ag), while the longitudinal signal can be found at longer wavelengths
(Eustis & El-Sayed 2006; Rehan et al. 2015). As the latter shows a stronger resonance, anisotropic nanoparticles display a wider range of colors compared to
spherical particles.
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Figure 13. Collective oscillation of surface electrons in gold nanorods (a), and the resulting transverse and longitudinal surface plasmon band (b). Reprinted with permission
from (Cao, Sun & Grattan 2014). Copyright (2020) Elsevier.

3.5. Cellulose Nanoparticle Composites
The demand for more sustainable alternatives in textile industry has also accelerated the research on composites of cellulose fibers and nanoparticles. For
example, the UV protection factor (UPF) of cellulosic textiles per se is very low,
so that clothing often represents an insufficient protection from sunlight (Gambichler et al. 2001). However, small amounts of nanogold or silver, usually in
the lower ppm range, have been shown to render these textiles UV protective
(Tang et al. 2014; Zheng et al. 2013). The same applies for the antibacterial activity of cellulosic textiles, where silver particles in particular have been proven
effective against various stems of bacteria (He, Kunitake & Nakao 2003; Johnston & Nilsson 2012; Kim, Park & Lee 2011; Tsai et al. 2017).
Recently, studies have also focused on the use of nanogold and silver as textile
dyes, employing anisotropic nanoparticles with a specific aspect ratio (Zheng et
al. 2013; Tang et al. 2012). The current state of the art mainly involves four
technologies to combine cellulose and noble metal nanoparticles. Among them,
electrostatic assembly (Dong & Hinestroza 2009; Yu et al. 2018; Tang et al.
2012), seed mediated synthesis followed by dip coating (Zheng et al. 2013), insitu reduction (Tang et al. 2014; Tang et al. 2015a; Boufi et al. 2011; Bumbudsanpharoke & Ko 2015; Cai et al. 2009), and the incorporation of nanoparticles
via dry-jet wet spinning (Chen et al. 2015; Kulpinski 2007; Rac-Rumijowska et
al. 2017; Smiechowicz et al. 2011; Smiechowicz et al. 2018; Smiechowicz et al.
2014; Wendler et al. 2008).
3.5.1. Seed Mediated Synthesis and Dip Coating

Gold nanorods are prepared via a growth and a seed solution. The latter consists of a cationic Au reagent (e.g. HAuCl4 or NaAuCl4), a reducing agent (e.g.
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NaBH4), and a surfactant (e.g. CTAB) (Nikoobakht & El-Sayed 2003). The surfactant is supposed to act as a template, and needs to stabilize the generated
nanoparticles in the aqueous media (Smith & Korgel 2008). The growth solution contains noble metal ions, AgNO3 for shape control, as well as CTAB, and
ascorbic acid as a weak reducing agent. To initiate the synthesis of Au nanorods,
the seed solution is combined with the growth solution (Nikoobakht & El-Sayed
2003). The particles’ size and aspect ratio can be fine-tuned either by oxidation,
or by the addition of more HAuCl4 (Zheng et al. 2013), or by changing the choice
and concentration of the surfactant (Gao, Bender & Murphy 2003; Jana, Gearheart & Murphy 2001; Nikoobakht & El-Sayed 2003; Smith & Korgel 2008).
Once prepared, the nanoparticle dispersions can be used to coat textile fabrics
by immersion. The particles remain on the surface of the polymer due their electrostatic interactions with the functional groups of cellulose (s. Figure 14). The
fabrics can be dyed with nanoparticles over the entire visible spectrum, providing shielding from UV light and antibacterial activity, unfortunately accompanied by mediocre wash fastness due to the relatively weak bonding forces to the
polymer surface (Zheng et al. 2013).

Figure 14. SEM image of cotton (A-H) and silk (J-Q) fabrics with and without Au nanorods, as well as photographs of the respective cotton (I) and silk fabrics (R). Reprinted
with permission from (Zheng et al. 2013). Copyright (2020) RSC Publishing.
3.5.2. Electrostatic Assembly

The electrostatic assembly of nanoparticles utilizes the interactions between a
positively charged cellulose substrate and noble metal nanoparticles with negative zeta potential. Cellulose usually shows a negative surface charge, but can be
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rendered cationic via grafting with polyelectrolytes (Yu et al. 2018; Dong &
Hinestroza 2009; Tang et al. 2012). Figure 15 displays the coating mechanism
as proposed by Tang et al. 2012.

Figure 15. Proposed mechanism of electrostatic assembly as conducted by (Tang et
al. 2012). Reprinted with permission from (Tang et al. 2012). Copyright (2020) American
Chemical Society.

In this method, cotton fibers were combined with anisotropic silver nanoparticles using poly (diallydimethylammonium chloride) (PolyDADMAC) as a
grafting agent. The synthesis procedure resembles an approach published by
Métraux & Mirkin 2005, where Ag+ is reduced to nanoparticles by adding
NaBH4 to and aqueous solution of AgNO3, sodium citrate, polyvinylpyrrolidone,
and H2O2, while achieving size and shape control by distinct amounts of reducing agent (Métraux & Mirkin 2005; Tang et al. 2012).
In a similar manner, Dong et al. assembled Au and Pd nanoparticles on cotton
fabrics using (2,3-epoxypropyl) trimethylammonnium chloride (Dong &
Hinestroza 2009). A recent study also grafted regenerated Ioncell fibers spun
from recycled waste paper, where the positive charge was introduced by glycidyltrimethylammonium chloride under strong alkaline conditions (Yu et al.
2018). Despite presumably stronger interactions, electrostatic assembly has not
been demonstrated to significantly improve the wash fastness of nanoparticles
compared to dip coating (Tang et al. 2012).
3.5.3. In-situ Reduction

An in-situ reduction combines both nanoparticle preparation and composite
formation in one synthesis step. The advantages are evident. The formed nanoparticles show a considerably high stability, while saving time and resources. As
the chemical environment limits their aspect ratio, samples prepared by this approach exhibit less variety in shape, size and color.
With Conventional Reduction Chemicals
As in the previous methods, reducing agents involving NaBH4 (Shin et al.
2008; He, Kunitake & Nakao 2003; Cai et al. 2009; Koga et al. 2010), sodium
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citrate (Rehan et al. 2015), sodium hydroxide (Emam et al. 2014), triethanolamine (Barud et al. 2008), or poly(ethyleneimine) (Zhang et al. 2010) are required to convert metal ions of silver and gold to their reduced form. However,
this takes place while the respective textiles are immersed in the reaction mixture, where the functional groups of cellulose stabilize the metal ions through
complexation.
The stabilization can be enhanced by the reducing agents, which can form
crosslinks between the cellulose structure and the respective nanoparticles (cf.
poly (ethyleneimine)) (Zhang et al. 2010). In an alkaline environment, swelling
and subsequent shrinking of cellulose can also contribute to an entrapment of
the nanoparticles in the polymer structure (Emam et al. 2014). These approaches have been conducted with cellulose nanofibers and crystals (Koga et
al. 2010; Shin et al. 2008), bacterial cellulose (Barud et al. 2008; Zhang et al.
2010), cotton (Bacciarelli-Ulacha et al. 2014; Rehan et al. 2015), and Viscose
(Emam et al. 2014) applying various metal substrates such as silver, gold, platinum and palladium. Most studies observed a noticeable loss of nanoparticles
throughout laundering, which was nonetheless below the amounts described for
dip coating and electrostatic assembly (Rehan et al. 2015).
With Cellulose as Reducing Agent
Under adequate process conditions, cellulose substrates can replace conventional reducing and stabilizing agents due to their ability to chelate nanoparticles in their polymer structure (Vigneshwaran et al. 2007; Tang et al. 2012). In
a hydrothermal environment, cellulosic components can reduce metal ions to
their elementary form, by using the terminal reducing end groups of cellulose.
It has been argued about whether residual lignin plays a key role in this type of
reaction as its hemiacetal and aldehyde groups are supposed to simultaneously
reduce and stabilize the nanoparticles (Bumbudsanpharoke & Ko 2015). Other
studies have highlighted the importance of sulphur and nitrogen containing
units as they can provide additional binding centers for the metal ions during
synthesis (Johnston & Nilsson 2012).
For low lignin substrates, the right pH seems crucial for quantitative nanoparticle yields. Whereas acidic conditions were shown to be beneficial for Au, Ag
requires an alkaline environment to be converted to its reduced form (Tang et
al. 2015b). The same applies for the mercerization of cotton, which was found
to have a positive impact on both the color strength and yield of silver nanoparticles (Tang et al. 2013). In synthesis procedures, where a pH adjustment was
avoided, higher nanoparticle yields were achieved through harsher reaction
conditions, such as high pressure and elevated temperatures (Bumbudsanpharoke & Ko 2015; Vigneshwaran et al. 2007). For example, Tang et al.
2015a coated bamboo pulp with gold and silver nanoparticles under neutral
conditions, but inferred that a change in the pH was observed to enhance the
nanoparticle synthesis (Tang et al. 2015a). Overall, cellulose products coated
with this procedure exhibited a better wash fastness than those obtained from
the methods listed above, even after several washing cycles (Tang et al. 2013;
Tang et al. 2015a).
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3.5.4. Incorporation via Dry-Jet Wet Spinning

In fiber spinning, the incorporation of nanoparticles has so far been restricted
to silver nanoparticles. In 2007, Wendler et al. for the first time discussed the
addition of silver nanoparticles to a Lyocell type spin dope to obtain antimicrobial regenerated fibers (Wendler et al. 2007). This idea was also patented a year
later (Wendler et al. 2008), and has recently been transferred to cellulose ionic
liquid systems (Chen et al. 2015). Several other studies followed this approach
indicating that silver nanoparticles could also be synthesized in-situ during the
preparation of the spinning solution. This implies that AgNO3 is added to an
aqueous solution of NMMO, which is then left in a darkroom for several hours.
Afterwards, the solution is used to dissolve cellulose pulp under standard conditions, which is then dry-jet wet spun to man-made cellulose fibers (Kulpinski
2007; Smiechowicz et al. 2011; Rac-Rumijowska et al. 2017; Smiechowicz et al.
2018; Smiechowicz et al. 2014). As dissolution and regeneration entraps the nanoparticles in the fiber matrix, the metal cellulose composites are assumed to
release less silver than any other methods described before (Chen et al. 2015).
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4. Materials and Methods

4.1.

Cellulose and Polyester Based Raw Materials

Table 3 summarizes the cellulose and polyester based raw materials employed
in this thesis according to a consecutive numbering. Birch prehydrolyzed kraft
pulp (S1) was used for the preparation of cellulose fibers coated with noble metal
nanoparticles (Paper IV). Virgin cotton fibers (S2) and polyester (S3) as well as
cotton polyester blends (S4-9) contributed to the establishment of a quantification method for blended textile waste (Paper I). In Paper II, pretreated postconsumer cotton polyester blends (S10) were separated by the means of the Ioncell technology, while PET fibers (S25) were suspended in [DBNH] [OAc] to
study the degradation behavior of PET in the ionic liquid. Paper III utilized preand post-consumer cotton fabrics (S11-12) to investigate the impact of different
vat and reactive dyes on the recyclability of cotton waste garments. Mixed postconsumer cotton waste (S16) was also recycled to new MMCFs in the unpublished results sections. Tencel (S13) and Viscose fibers (S14) were added as
references to all studies.
4.1.1.

NMR Standards

Ground, air-dried cotton (S2) and polyester (S3) were mixed in a rotavapor
(3h) to obtain distinct blend concentrations (i.e. 2.5%, 10%, 25%, 50%, 75%, and
90% CO). The dry matter content was also taken into consideration.
4.1.2. Pretreatment of Cotton Polyester Blends

Post-consumer cotton polyester blends (S10) were shredded and pretreated
according to an Ew-disk refining-Z-P-A sequence at VTT (Finland). Ew denotes
an alkaline washing stage to remove residual silicate, while P and Z targeted to
adjust the samples’ DP and whiteness by hydrogene peroxide and ozone treatment. The letter A describes acid washing to reduce metal contaminations.
4.1.3. Pretratment of Pre-Consumer Cotton

White pre-consumer cotton (S11) was subjected to three types of pretreatment
including acid hydrolysis (A), a combination of acid washing and enzymes (EGA, A-EG), and electron beam irradiation (e-beam).
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PHK pulp
White CO
White PET
IGALO
IGALO-TPPT
IGALO-KM
RED SHIRT
BROWN SHIRT
WHITE SHIRT
Post-consumer
CO/PET
Pre-consumer CO
Post-consumer CO

Tencel 1.3 dtex
Viscose 1.3 dtex

PET fibers 3.3 dtex
Post-consumer cellulose waste

S11
S12

S13
S14

S15
S16

S1
S2
S3
S4
S5
S6
S7
S8
S9
S10

Sample

Swerea IVF (Sweden)
Texaid

Lenzing AG (Austria)
Kelheim (Germany)

Iisalmen Kangastukku (Finland)
Uusimaa Hospital Laundry (Finland)

Stora Enso (Finland)
Söktas (Turkey)
HT Sport Oy (Finland)
Tekstina (Slovenia)
Tekstina (Slovenia)
Tekstina (Slovenia)
Second Hand (Finland)
Second Hand (Finland)
Second Hand (Finland)
Soex (Germany)

Supplier

100

100
100

100
100

Cell /
wt%
100
100
50
50
65
17
60
35
50

100
-

-

-

PET /
wt%
100
50
50
35
83
40
65
50

white
colored

white
white

white
white

white
white
white
white
white
white
red & white
brown
white
colored

Color

A, or blending

Indanthren Blue BC 3%, e-beam, A, EG-A, A-EG
Indanthren Brilliant Red FBB, Indanthren Brilliant
Green FBB Coll, Remazol Black B gran 133%, Remazol Brilliant Blue R spec, Levafix Brilliant Red E-4BA,
Levafix Blue E-GRN gran
-

Au- and AgNP coatings
Ew-disk-P-Z-A

Treatments

Unpubl.

I, II, III, IV
I, II, III,
IV
II

III

III

II

IV
I
I
I
I
I
I
I
I

Paper

Table 3. Summary of the cellulose and polyester based raw materials used in this thesis including supplier, cellulose and PET content, color and treatments.

(A): Ground cotton was dispersed in a 0.27 M solution of sulphuric acid
(H2SO4, 95-97%, Merck or Sigma) and mixed vigorously at 82°C for 7-9 min.
The sample to liquor ratio amounted 3:100. Once a viscosity of 450±50 ml/g
was reached, the sample was filtered off and washed with cold water until a neutral pH was obtained.
(EG-A, A-EG): The pretreatment sequences EG-A and A-EG were performed
at VTT (Finland). Accordingly, pre-consumer cotton was treated with Ecopulp
R (Ecopulp R, 25 wt% endoglucanase, AB Enzymes, Finland) in an enzyme to
pulp ratio of 10 mg/g (4h, 50°C). Similar to A, 2 wt% of shredded cotton (S11)
were first soaked in water and then dewatered to increase the activity of the enzyme. The hydrolysis reaction was stopped by heating the cotton substrate to
90°C for 30 min followed by subsequent cooling and rinsing with deionized water. Concerning the acid treatment, both cotton and water were heated to 90°C
separately and then mixed to obtain a consistency of 10 wt% (oven dry cotton/water). Subsequently, 0.45 wt% of 0.5 M H2SO4 (H2SO4/oven dry cotton)
were added to the mixture. After the dispersion had been stirred at 90°C for 2h,
the reaction was stopped by reducing the sample’s consistency to 5 wt% (oven
dry cotton/water) followed by dewatering and rinsing with cold, deionized water.
(e-beam): Leoni Studer AG (Switzerland) conducted the electron irradiation
treatments using a 10 MeV accelerator. Different e-beam dosages (5-30 kGy)
were applied on an intact, stack of cotton fabrics to obtain a target viscosity of
450±50 ml/g.
4.1.4. Viscosity Adjustment and Pretreatment of Samples (S16) from Unpublished Results

(a) Two samples of high and low viscosity were mixed based on the following
equation,

ͶͷͲ




ൌ

where ͶͷͲ

ă כ୬ାă ୫




ା

(9)

represents the targeted viscosity for dry-jet wet spinning, ă and

ă  denote the initial viscosities of the raw materials, while ݊ and ݉ refer to the
respective amounts of sample in wt%. (b) Three samples with a viscosity higher
than the targeted viscosity were treated with 0.2 M H2SO4 with a liquor to pulp
ratio of 100:3 at 60°C. The duration ranged from 15-30 min dependent on the
respective starting viscosity. (c) Two samples obtained in (b) were blended with
PHK pulp (50:50) to improve the spinnability.
4.1.5. Vat Dyeing

Indanthren Blue BC 3% was purchased from Wennström Oy (Finland),
whereas Indanthren Red FBB coll and Indanthren Green FBB were supplied by
DyStar (Germany). Vat dyeing was performed in 1 kg batches using white pre33

and post-consumer cotton fabrics (S11-12). Accordingly, 20 l of water were
heated in a kettle (50°C) followed by the dissolution of Na2S2O4 (3 g/ml), Na2SO4
· 10 H2O, and 25 wt% of NaOH. Subsequently, 2 wt% of Indanthren dye (on the
oven dry weight of the cotton substrates) were added to the mixture, which was
stirred until the complete dissolution of all chemicals. The cotton fabrics were
immersed in the dye bath (45 min) under continuous mixing. Once exposed to
atmospheric oxygen, the dyes were oxidized to their water insoluble form and
stabilized on the cotton fabric. Consequent washing of the samples with water
and hydrogen peroxide (2 ml/l) further fortified the wash fastness of the dyes
on the cellulose structure. Finally, the samples were dried at room temperature.
4.1.6. Reactive Dyeing

1 kg batches of post-consumer fabrics (S12) were dyed with Levafix Brilliant
Red E-4BA, Levafix Blue E-GRN gran (both DyStar, Germany), Remazol Brilliant Black B gran 133%, and Remazol Brilliant Blue R Spec (both Wennström
Oy, Finland). The dyeing procedure was performed in a laundering machine
(Esteri Pesukoneet Oy, Finland) following a program of prewetting + gentle spin
– dyeing – rinsing – boiling – rinsing – spin. The temperature was set to 60°C
and the amount of water used was 20 l. In each case, the concentration of the
dye was 2 wt% concerning the oven dry weight of the fabric, employing a sample
to liquor ratio of 1:20 kg/l. The addition of Na2SO4 · 10 H2O (50 g/l) was supposed to enhance the interactions between the cellulose structure and the dye,
while Na2CO3 (9 g /l) was applied to create alkaline conditions. As for the vat
dyeing procedure, the samples were air-dried before further being processed.
4.1.7. Coating of PHK Pulp with Noble Metal Nanoparticles

50 mM aqueous seed solutions were prepared from HAuCl4· 3H2O (99%,
Sigma, USA) and AgNO3 (99%, Sigma, USA). Air-dried PHK pulp (S1) was
soaked in water in a sample to liquor ratio of 1:80 (ml/g) using 1 l, wide-neck
Schott bottles. The pulp-water suspension was shaken for 15 min to guarantee a
full disintegration of the pulp. Afterwards, the seed solutions (0.06 ml/g, 50
mM) were injected into the dispersion. To synthesize AgAu nanoparticles, a
combination of AgNO3 and HAuCl4 (0.03 ml/g, 50mM, respectively) was added.
The resulting samples were transferred to an oven (135°C) to generate noble
metal nanoparticles (Bumbudsanpharoke & Ko 2015). The efficiency of the reaction was estimated by the progressing color change from white to yellow (Ag:
15h), or white to purple (Au: 2h and AgAu: 2h). After the mixture was cooled to
room temperature, the nanoparticle-coated pulp was filtered off, rinsed with
water, and dried in an oven at 45°C.
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4.2.

Dissolution of Cellulose in [DBNH] [OAc] and Dry-Jet Spinning

4.2.1. Synthesis of [DBNH] [OAc]

[DBNH] [OAc] was synthesized via a neutralization reaction of 1,5-diazabicyclo(4.3.0)non-5-ene (DBN, 99%, Fluorochem, UK) and glacial acetic acid
(HOAc, 100%, Merck, Germany). DBN was poured into a thermally controlled
reactor (30°C) and HOAc was added dropwise under constant stirring. Afterwards, the mixture was slowly heated to 70°C (30 min) to further promote the
conversion of the reactants to [DBNH] [OAc].
4.2.2. Separation of Cotton and Polyester

The separation of cotton and polyester was composed of three process steps
(s. Figure 16). 13 wt% ground and pretreated post-consumer cotton polyester
fabrics ((S10), 50% CO) were dispersed in [DBNH] [OAc] in a vertical kneader
system (80°C). After mixing for 1 h, the cellulose component had dissolved in
the IL yielding a 6.5 wt% cellulose solution, which could be separated from the
solid polyester residue via filtration (70 °C, 1–8 MPa, metal filter mesh with 5–
6 μm absolute fineness, Gebr. Kufferath AG, Germany). The cellulose solution
was molded into cylindrical shape and stored in a refrigerator (8°C) upon solidification. The PET fraction was extracted with [DBNH] [OAc] twice to lower its
contamination with residual cellulose and was then washed with water to remove the IL. To prepare a spin dope with a higher cellulose concentration, the
obtained 6.5 wt% solution was transferred back to the kneader and suspended
with additional raw material to yield a 10.5 wt% cellulose solution after stirring
(1h, 80°C). Filtering and washing of the mixture were conducted as explained
before.

Figure 16. Simplified process scheme for the separation of cotton and polyester in the
Ioncell process. Image copied from Paper II (Haslinger et al. 2019b).
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As further elaborated in the following sections, [DBNH] [OAc] can degrade
the molecular structure of PET. This degradation could be reduced by replacing
[DBNH] [OAc] by a 1:1.3 mixture of DBN and HOAc, which however had a negative impact on the spinnability of the resulting cellulose solution.
4.2.3. Dissolution of Colored Textile Waste and Nanoparticle Coated PHK
Pulp

Ground cotton and Viscose fabrics (S10-11, S16) or nanoparticle coated PHK
pulp (S1) were dissolved in [DBNH] [OAc] under standard conditions (vertical
kneader, 13-14 wt%, 80°C, 90 min). Afterwards, the resulting cellulose solutions
were filtered and stored as stated in 4.2.2.
4.2.4. Dissolution Studies of Dyes and Dyed Textiles in [DBNH] [OAc]

Small amounts of the dyes described in 4.1.5 and 4.1.6 were dispersed in
[DBNH] [OAc] and stirred for 1 h at elevated temperatures (80°C). A small
amount of the obtained suspension was transferred to a glass slide and evaluated under a heating stage microscope (80°c, Zeiss Axio Scope A1, Zeiss AG Germany). In a similar manner, small samples of the spin dopes prepared from colored cotton waste (cf. 4.2.4.) were placed onto glass slides and analyzed for undissolved material.
4.2.5. Dry-Jet Wet Spinning

The cellulose solutions were transferred into a lab-scale piston-spinning unit
(Fourne Polymertechnik, Germany) and heated to temperatures between 6080°C based on their rheological properties. The dopes were extruded through
multihole spinnerets (36 holes for CO/PET separation, 200 holes for dyed cotton waste and nanoparticle coated pulp, or 18, 36, and 200 holes for mixed cellulose based textile waste in the Unpublished Results section) with a diameter
of 0.1 mm and a capillary length of 0.02 mm. After extrusion, the liquid threads
were extended in a 1 cm air-gap (DR=vtake-up/vextr.=4-12, cf. Table 4) before they
were coagulated in water (~10°C).
Table 4. Summary of the spinning conditions such as draw ratio (DR), number of holes,
extrusion velocity (vextr.) and take-up velocity (vtake-up).
Sample

DR

Holes

vextr.

vextr.

/ cm3/min

vtake-up

/ m/min

/ m/min

COPET_6.5

8.0

36

1.6

5.7

45.5

COPET_6.5_HOAc

4.0

36

5.0

17.7

71.0

COPET_10.5

8.8

36

1.6

5.7

50.0

Indanthren Blue BC 3%

12

200

5.5

3.5

42.0

Dyed Post-consumer Cotton

12

200

5.5

3.5

42.0

Pulp with Nanoparticles

12

200

5.5

3.5

42.0

Mixed Cellulose Waste

12

18, 36, 200

0.4-5.5

1.4-5.6

17.0-68.0
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In case of lower cellulose concentrations (i.e. 6.5 wt%), it was found beneficial
to maintain higher extrusion speeds than under standard conditions (13-14%)
to avoid aggregate formation or adhesion of the spinning solution on the spinneret surface. The spun filaments were shortened to 4 cm staple fibers, disentangled by hand, and immersed in water (80°C, 2h).

4.3.

Yarn Spinning, Knitting and Demonstration Products

4.3.1. Spin Finishing

A 0.25 wt% spin finish (Leomin PN/Aflian CVS (80:20), Achroma, Switzerland) was applied onto the fibers produced from the solutions described in 4.2.5.
After the finishing chemicals (20 ml/ g of oven dry fibers) had fully dissolved in
water (50°C), the staple fibers were immersed in the solution followed by vigorous stirring of the mixture (5 min). Consequently, the fibers were separated
from the finishing solution and dewatered to reach 400 % of their oven dry
weight. After drying at room temperature, the single fibers were separated with
a fiber opening device (Trash Analyzer 281C Mesdan Lab, Mesdan S. p. A. Italy).
4.3.2. Yarn Spinning

Before the actual yarn spinning process, all staple fibers (spin-finished) were
exposed to a relative humidity of 65% (20°C) overnight. Afterwards, carding
(Carding Machine 337A, Mesdan, Italy for the fibers spun from post-consumer
cotton, and AgNP coated pulp, or Automatex, Italy for the fibers spun from preconsumer cotton, mixed cellulose waste, PHK pulp, AuNP-, and AgNP- coated
pulp) produced a thin fiber web that was further drafted to a sliver (Stiro Roving
Lab 3371, Mesdan Lab, Mesdan S.p. A, Italy for the fibers spun from pre-consumer cotton, mixed cellulose waste. PHK pulp, AuNP- and AgAuNP- coated
pulp, or Ring Lab 82BA, Ser.Ma.Tes Srl, Italy for the fibers spun from post-consumer cotton, and AgNP coated pulp). The sliver was then twisted in Z direction
with 700 twists per meter to obtain yarns with target linear densities of 18-22
tex.
4.3.3. Fabrics from Dyed Cotton Waste

After plying, the yarns from pre- and post-consumer cotton waste were knitted
to single jersey fabrics (150 g/m2, Stoll CMS ADF 32W E7.3 multi gauge, Stoll,
Germany). The same machinery was used to produce a baby-jacket demonstrator from regained, Indanthren Blue BC 3% dyed pre-consumer cotton yarn. The
fabric was knitted in an interlock structure (127 g/m2) with a single thread yarn
(18 tex Z 700). For the sleeve cuffs, a 2x1 rib-knit was used, which employed a
plied yarn composed of two single threads (18 tex Z700 x t 0). The fabrics were
steam ironed and bound on the edges with commercially knitted Viscose shaped
into a narrow band. The sewing was conducted with lab-scale prototyping
equipment. Furthermore, a scarf was knitted from plied Remazol Brilliant Blue
R spec yarn (22 tex Z/00 X 2 S 300) using a mixed purl and lace structure.
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4.3.4. Fabrics from Nanoparticle Containing Ioncell Fibers

Concerning the demo fabrics, three single threads were plied together using
300 twists per m in S direction (DirectTwist, Agteks, Turkey, 22 tex, Z 700 X 3
S 300). The obtained yarn was converted to a knitted jersey fabric. The machinery was a flatbed weft knitting machine (Stoll CMS ADF 32 W E7.3 multi gauge,
Stoll, Germany) employing the following knitting parameters: 7 courses per cm,
8 wales per cm, and 56 stitches per cm2.
The plied yarns were also woven to fabrics using a 3D printed handloom.
Weaving parameters: Weft densities of 24 or 30 yarns/cm, and warp density of
6 yarns/cm.
4.3.5. Fabric from Mixed Cellulose Waste (Unpublished)

Two strands were plied and twisted together (DirecTwist, Agteks, Turkey). The
ply twist direction was S using 300 twists/m. The designation of the yarn was
20 tex Z 700 x 2 S 300. The two-fold yarn was then knitted into two-color jacquard and interlock fabric with a weft knitting machine (Stoll CMS ADF 32W
E7.3 multi gauge, Stoll, Germany). The mass per unit area was 265 g/m2. The
number of stiches per unit length was 7 wales/cm (width) and 6.5 courses/cm
(length).

4.4.

Analytics

Table 5 depicts a concise summary of the analytical methods used in this thesis
based on a sequential numbering. The subsequent sections aim to further elaborate the listed procedures unless mentioned together with the respective standard norms.
Table 5. Summary of the analytical methods employed in this thesis.
Method

Standard

Paper

A1

13C

-

I, II

A2

Acid Hydrolysis of CO/PET

Modified procedure of EU

I

Blends

1007/2011, 2011.

A3

GPC / MMD of Cellulose

-

II, III, IV

A4

GPC / MMD of PET

-

II

A5

Intrinsic Viscosity of Cellulose

SCAN-CM 15:88

II, III, IV

A6

Rheology of Cellulose Solutions

-

II, III, IV

A7

Tensile Testing of Fibers

DIN 53816 or ISO 5079,

II, III, IV

CP MAS NMR

Young’s Modulus ASTM
D2256/D2256.
A8

Birefringence

-

II, III, IV

A9

TGA

-

II

A10

SEM

-

II, IV

A11

TEM

-

IV

A12

CIELAB and ΔE

-

III, IV

A13

ICP-Analysis

-

III
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A14

Tensile Testing of Yarns

-

III, IV

A15

Color Fastness to Washing

EN ISO 105-C06

III, IV

A16

Color Fastness to Rubbing

EN ISO 105-X12:2016

III

A17

UV Protection

EN 13758-1:2001 + A1

IV

4.4.1.

13C

CP MAS NMR (A1)

All samples in Paper I (i.e. NMR quantification method for CO/PET blends)
and the PET samples in Article II (i.e. separation of CO/PET blends) were measured on a Bruker AVANCE III device equipped with an UltraShield Plus 400
MHZ magnet. Its operating frequency was 100.6 MHz. Settings: 4 mm probe
size, 8000 scans, 8 kHz spinning speed, 2 ms CP contact time, 34 ms acquisition
time, and proton SPINAL-64 1H decoupling. Since the spectra of pure cellulose
samples are commonly recorded with a CP contact time of 1 ms (Zuckerstätter
et al. 2009), 2 ms represented a compromise between the signal intensity of
cotton and polyester. During contact time, the cross-polarization amplitude was
increased from 50% to a maximum of 85 kHz.
Viscose and Tencel fibers (Cellulose II) were soaked in water before the analysis. The measurements thereof were conducted on a Bruker Avance III 500
MHz spectrometer. Settings: 4 mm probe size, 8000-10000 scans, 5s relaxation
delay, 10 kHz spinning speed, 1 ms CP contact time, 27 ms acquisition time, and
proton SPINAL-64 1H decoupling. The crosspolarization amplitude was varied
from 70% to reach a maximum of 80 kHz throughout contact time.
4.4.2. Acid Hydrolysis of CO/PET Blends (A2)

For the determination of the exact blend composition, cotton polyester fabrics
were hydrolyzed in 10 M H2SO4 (95°C) according to a modified procedure as
stated in the EU norm 1007/2011. The treatment time was 20-30 min with a
sample to liquor ratio of 0.02:100. The harsh acidic conditions dissolved the
cotton component completely, while the polyester residue remained unaffected
in the solution. After hydrolysis, the remaining PET fibers were recovered
through filtration, rinsed with water and acetone, and dried in vacuum (50°C,
6h). The initial blend concentration could then be calculated from the mass of
the dried PET fraction (1007/2011, 2011).
4.4.3. Molar Mass Distribution of Cellulose Using Gel Permeation Chromatography (A3)

The molar mass distribution (MMD) of cellulose was analyzed by gel permeation chromatography. The five-column system consisted of one pre-column
(PLgel Mixed-A, 7.5 × 50 mm) and four analytical columns (PLgel Mixed-a, 7.5
× 300 mm) and a refractive index detector (Shodex RI-101). The samples were
dissolved in 90 g/l LiCl/N,N-dimethylacetamide (DMAc) using a solvent exchange sequence of water, acetone, and DMAc. The sample solution was diluted
to a 0.9 wt% LiCl/DMAc solution and transferred into an eluent phase of the
same concentration. The flow rate was adjusted to 0.75 ml/min at an operation
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temperature of 25°C. To obtain the detector constants, the system was calibrated with Pullulan standards (Mw=343-708 kDa) using a ∂n/∂c value of 0.136
mL/g for cellulose dissolved in LiCl/DMAc (0.9 wt%) (Potthast et al. 2015).
4.4.4. Molar Mass Distribution of Polyester (PET) Using Gel Permeation
Chromatography (A4)

VTT (Finland) measured the MMD of PET using a 3-column unit combined
with a RI-detector (40°C) operating on an 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP)/5mM salt (sodium trifluoroacetate) eluent and a flow rate of 0.5
ml/min. The columns comprised of one pre-column (Styragel WATT054405)
and two analytical columns (Styragel HR 4E 7.8 × 300 mm and Styragel HR5
7.8 × 300 mm). The calibration was conducted with polymethyl methacrylate
standards.
4.4.5. Rheology of Cellulose Solutions (A6)

The complex viscosity η* and the dynamic moduli (G’, G’’) of the prepared cellulose dopes were recorded as a variable of the angular frequency (ω ) using Anton Paar rheometers (Physica MCR 300 & 302, Anton Paar, Austria). Prior to
the actual analysis, dynamic strain sweep tests were conducted to determine a
strain of 0.5%. The device geometry was a plate to plate set-up with 25 mm diameter and 1 mm gap size. The measurements were performed over a temperature range of (40-100°C) dependent on the concentration of the cellulose solutions. In agreement with the Cox-Merz rule, the zero shear viscosity η0* could
be estimated via the Carreau or Cross model (Sammons et al. 2008). The crossover point of storage and loss modulus (G’, G’’) provided further information on
the elastic and viscous domains of the cellulose solutions. Appendix 2 also summarizes the mastercurves of all parameters.
4.4.6. Birefringence of Cellulose Fibers (A8)

The birefringence of the spun cellulose fibers was observed under a polarized
light microscope (Zeiss Axio Scope, Zeiss Ag, Germany). Accordingly, single filaments were fixed onto a glass slide and their birefringence value Δn was measured on three different positions (i.e. top, middle, and bottom). This procedure
was repeated three times yielding the total orientation factor ft after dividing Δn
by 0.062, which represents the maximum birefringence value for cellulose with
a density of 1.5 g/cm3 (Lenz, Schurz & Wrentschur 1994).
4.4.7. Thermogravimetric Analysis of Cellulose and Polyester (A9)

The thermal degradation behavior of cellulose and polyester was measured
with a Q500 TGA (TA Instruments, Germany) under a N2 atmosphere. The temperature was increased gradually from 25-800°C with a heating rate of
10°C/min. The sample amounts ranged from 5-10 g per analysis.
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4.4.8. Scanning Electron Microscopy (A10)

For cross-sectional measurements, small fiber strands were taped into an aluminium cup, which was filled with water and frozen in a freezer. The sample setup was then dipped into liquid nitrogen and broken into two pieces along the
center of the fiber strand. The obtained cross-sections were fixed on a carbon
tape facing an upright position (ca. 1 mm of fiber sticking out from the edge of
the carbon tape). Alternatively, the filaments could be taped on a paper surface,
soaked in water and cryofractured. All other samples were ground and applied
horizontally on a carbon tape coated surface. The specimens were consequently
sputter coated with Au or Pt/Pd and measured by a Zeiss Sigma VP, Zeiss field
emission-scanning electron microscope operating at an acceleration voltage of
1.5 kV.
4.4.9. Transmission Electron Microscopy (A11)

The TEM images were taken by FELMI-ZFE (Austria). Single cellulose filaments, coated with noble metal nanoparticles, were submerged in an Epoxfix
resin and sliced with an Ultramicrotome UC6 (Leica Microsystems Austria)
equipped with a 35° diamond knife (Diatome, Switzerland). Once placed on a
copper grid, the thin sample slices were observed under a Tecnai T12 (FEI) operating at an acceleration voltage of 120 kV.
4.4.10. Color Coordinates (CIELAB) (A12)

The color coordinates (L*, a*, b*) of pre- and post-consumer cellulose waste
before and after spinning and of nanoparticle coated pulp and fibers were determined with a 10°C observer equipped with a standard illuminant D65 (SpectroScan, GretagMacbeth, Germany). While spun fibers and fabrics were measured without further modification, the pulp samples were ground and dispersed
in water to collect a homogenous filter cake, which was air-dried subsequently.
To avoid irregularities in the measurements, the sample surfaces were compressed with a glass slide used for light microscopy. Applying the following
equation, the absorbance spectra could be generated from the reflectance values,

 ܣൌ ݈݃

ଵ
ோ

(9)

where A and R represent absorbance and reflectance at distinct wavelengths,
respectively. The color difference ΔE is composed of the square root of the sum
of the absolute values of all color coordinates.

ȟ ൌ ඥሺȟ כሻଶ  ሺȟ כሻଶ  ሺȟ  כሻଶ

(10)

Therein, ΔL* describes the variation in lightness, whereas Δa* and Δb* denote
the color change on the red-green axis and on the yellow-blue axis.
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4.4.11. Inductively Coupled Plasma-Atomic Emission Spectrometry (A13)

The ICP-analysis was conducted with a Perkin Elmer ICP-optical emission
spectrometer (Optima 7100, DV). During sample preparation, pulp and yarns
were dissolved in Aqua regia (7.5 ml HCl conc. and 2.5 ml HNO 3 conc.) using a
microwave oven (Milestone Ethos, Italy, 200°C, 50 min). The device was calibrated by element specific standard solutions.
4.4.12. Tensile Testing of Yarns (A14)

Prior to the analysis, the samples were conditioned overnight (65±2% relative
humidity, 20±2°C), and their titers were calculated from the average weight of
a 10 m hank. For tensile testing, the two ends of a single yarn strand were compressed either with 1 cm slices of conventional printing paper or covered with
tape to reduce breakage induced by the clamps of the tensile tester (MTS 400).
Gauge length and test speed were then adjusted to 250 mm and 250 mm/min
to measure breaking tenacity (cN/tex) and elongation at break (%) using a 50 N
load cell.
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5. Results and Discussion

5.1. NMR-Analysis of Cotton Polyester Blends
If calibrated accurately, solid state NMR allows, besides molecular conformation and interface dynamics, to determine material compositions such as in
textile blends. Figure 17 depicts 13C-NMR spectra of virgin cotton and polyethylene terephthalate (PET).

Figure 17. NMR Spectra of cotton (blue) and PET (black) with assignments of the respective nuclei. Image copied from Paper I (Haslinger et al. 2019a).

As initially explained, magnetically inequivalent nuclei can appear as separate
peaks in the NMR spectrum (Martínez-Richa & Silvestri 2012). In cellulose, C1,
C4, and C6 thus evolve as distinct signals (107-109 ppm, 87-89 ppm, and 66-68,
ppm), while the lines of C2, C3, and C5 remain partially unresolved (74-78
ppm). In particular, the lower ppm regions of C4 and C6 also account for amorphous structures in the polymer, which implies that signal size and shape can
vary according to the crystallinity and type of cellulose present in the sample
(Atalla & VanderHart 1999; Zuckerstätter et al. 2009; Park et al. 2009).
Cotton consists of cellulose I, which, if dissolved and regenerated, can transform to cellulose II. Therefore, single peaks around 87-89 ppm indicate cellulose I, whereas two separate lines at 89 and 88 ppm result from cellulose II. The
former is composed of Iα and Iβ, paracrystalline and amorphous contributions,
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while the latter displays two crystalline cores, as well as accessible and inaccessible fibril surface areas. Correspondingly, Zuckerstätter et al. developed a deconvolution model for the C4 region to estimate fibril and aggregate width (FW,
AW), crystallinity ratio (Crl), and sum of crystalline and fibril surface areas
(∑cryst., ∑ FS) in natural and regenerated cellulose fibers (Zuckerstätter et al.
2009; Zuckerstätter et al. 2013). Table 6 displays the respective parameters calculated for the samples in Paper I.
Table 6. Cellulose content, fibril and aggregate width (FW, AW), crystallinity ratio (Crl),
sum of crystalline areas (∑cryst.), and sum of fibril surface areas (∑ FS). Table adapted
from Paper I (Haslinger et al. 2019a).
Sample
IGALO TPPT
IGALO KM
IGALO
RED SHIRT
BROWN SHIRT
WHITE SHIRT
Cotton
Viscose
Tencel

Cell.
/ wt%
50
65
50
17
60
35
100
100
100

FW
/ nm
3.3
3.0
3.5
3.1
3.9
3.2
4.0
5.1
3.2

AW
/ nm
56
25
50
40
57
-

Crl
/%
43
39
45
40
50
41
51
46
65

σ ࢉ࢙࢚࢘࢟Ǥ

σ ࡲࡿ

/%

/%
28
27

18
38

In general, it is known that dissolution and dry-jet wet spinning in NMMO lead
to higher crystallinity ratios (65 %) than derivatization via CS2 (46 %) (Fink et
al. 2001). This is also reflected in the smaller amount of fibril surface areas in
Viscose fibers (18 %) as compared to Tencel (38 %). Pure cellulose I yielded a
crystallinity ratio 0f 50 % with a fibril and aggregate width of 5.1 nm and 57 nm,
respectively. The remaining samples represented cotton polyester blends with
varying concentrations (17-65 wt% CO). Besides IGALO KM (FW=3 nm, Crl=39
wt%), fibril width, aggregate dimensions, and crystallinity decreased with the
cotton content (FW=3.9-3.1 nm, AW=25-56, Crl=50-41 %). This corresponds to
literature, where resolution and intensity were reported to affect the output of
the deconvolution method (Zuckerstätter et al. 2009). Accordingly, it can be assumed that with decreasing cotton concentrations the analyses became less accurate.
PET showed three peaks in the NMR spectrum. The largest signal was caused
by the carbons of the aromatic unit (C2-3-4-5-6-7), which appeared at 130-134
ppm, followed by the carboxyl groups (C1-8) at 164 ppm. The ethynyl groups
(C9-10) overlapped with the C2-3-4 nuclei of cellulose as they evolved at 62
ppm. The remaining signals represented spinning side bands of PET. Similar to
cellulose, the resolution of the NMR spectrum can be an indicator of the ratio of
amorphous and crystalline regions in the polymer. Sharp lines imply a highly
crystalline structure, while an increased signal to noise ratio with softer lines
refers to less ordered areas (Gabrielse et al. 1994).
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5.1.1. Peak Deconvolution and Calibration Model for Quantification

The establishment of the subsequent calibration model relied on the assumption that the intensities of certain NMR signals correlate to the quantitative
composition of textiles. This has been confirmed by Colletti and Mathias, who
successfully employed peak height relationships to characterize cotton polyester
blends. To avoid overlaps, their model utilized the C1 line of cellulose and the
carboxyl peak of PET (C1-8) (Colletti & Mathias 1988).
Similarly, this study compared C1, C1-8, and C2-3-4-5-6-7, subsequently labelled as C1(C), C1-8(P), and Carom.(P), to estimate the composition of cellulose
and polyester in textile blends using ratios of peak areas. Already Colletti and
Mathias had attempted to follow the same approach, but failed as they forgot to
set accurate integration limits (Colletti & Mathias 1988). Likewise, Peterson implied that NMR based quantification methods could face difficulties due to their
dependency on distinct instrument parameters required by different fiber types
(Peterson 2015).
However, these problematics can be overcome by the optimization of contact
time and adequate peak constraints (cf. supporting information of Paper I).
Table 7. Constraints and number of Gaussian functions of the peaks integrated for the
quantification of cotton and polyester. Table copied from Paper I (Haslinger et al.
2019a).
Abbrev.

Fiber

Peak No.

Constraints / ppm

C1(C)
C1-8(P)
Carom.(P)

Cellulose (Cotton)
PET
PET

1
1,8
2, 3, 4, 5, 6, 7

100-110
160-175
120-140

No. f(x)
4
2
3

As shown in Table 7, all peaks were integrated with 2-4 Gaussian functions dependent on the complexity of the signal. While the deconvolution of C1(C) accounted for cellulose Iα and Iβ, as well as amorphous contributions and baseline
corrections, C1-8(P) and Carom.(P) were fitted with two and three curves, respectively. Constraints aimed to reduce errors caused by manual integration procedures.
The calibration curves were generated by the analysis of six sample standards
containing 2.5-90 wt% CO. After integration, the division of the C1(C) area by
the PET signals yielded relative values (C1(C):C1-8(P) and C1(C):Carom.(P)),
which could be expressed as cotton content (wt%) vs. peak ratios. As the functions are undefined at 0 and 100 wt%, their behavior is described as sigmoidal
(cf. Figure 18),

ݕൌ

௫
ଵାȁ௫ȁ

(11)
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Figure 18. Calibration and confidence intervals generated from the measurement of
distinct cotton concentrations and integration of C1(C), C1-8(P), and Carom.(P). Image
copied from Paper I (Haslinger et al. 2019a).

where distinct cotton contents are expressed as a function of the peak ratios x,
whereas the variables a and b denote slope and intercept of the calibration functions. The standard deviations were approximated by the elimination of single
calibration points from the overall data set. Their accuracy is dependent on the
cotton concentration, and can be improved by inversion if necessary.
5.1.2. Quantification Results

The quality of the calibration model was tested with six pre- and postconsumer
cotton polyester blends. Among them, three white cotton fabrics (IGALO TPPT,
IGALO KM, and IGALO) from a fabric supplier and three colored shirts (RED
SHIRT, BROWN SHIRT, and WHITE SHIRT) from a secondhand store. Figure
19 and Table 8 summarize their composition according to textile labels, acid hydrolysis, and solid-state NMR.

Figure 19. Cotton content (wt%) of pre- and post-consumer cotton polyester blends
according to the textile labels, acid hydrolysis and NMR. Image copied from Paper I
(Haslinger et al. 2019a).
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Table 8. Cotton content (wt%) of pre- and post-consumer cotton polyester blends according to the textile labels, acid hydrolysis and NMR (i.e. (C1(C):Carom.(P) and
C1(C):C1-8(P)).
Sample
IGALO TPPT
IGALO KM
IGALO
RED SHIRT
BROWN SHIRT
WHITE SHIRT

Label
/ wt%
50
65
50
17
60
35

Acid Hydr.
/ wt%
48.4±0.3
60.7±0.2
48.8±1.5
17.7±0.1
54.8±1.1
30±0.1

C1(C):Carom.(P)
/ wt%
45.6±6.7
62.1±7.0
53.2±7.0
16.6±3.8
53.7±7.0
31.7±5.4

C1(C):C1-8(P)
/ wt%
46.9±6.7
63.6±6.9
55.2±7.0
21.0±4.0
55.2±7.0
33.3±5.7

In five out of six cases, the cellulose concentrations stated on the label were
higher than determined by acid hydrolysis. Solid-state NMR supported this conclusion four times, whereas two measurements led to ambiguous results. The
deviations ranged from 0.7-5.2 wt% for the former, and from 0.4-5.2 wt% for
the latter. It can be assumed that these differences arise from lax EU regulations.
When it comes to the manufacturing of clothing, textile labels are, in principal,
not allowed to state compositions that deviate more than 3 wt% from the actual
blend ratio, although fibers amounting less than 5 wt% in total are not required
to mentioned at all (EU 1007/2011). Overall, C1(C):C2-8(P) provided values
closer to acid hydrolysis, while C1(C):Carom.(P) exhibited a tendency to higher
cotton concentrations. Neither dyes nor finishing agents, nor wearing and laundering had a noticeable effect on the obtained results. It is obvious that both,
the number of data points and the heterogeneity of the samples, affected the
robustness of the calibration method, which led to higher standard deviations
as compared to acid hydrolysis. With further development, however, solid-state
NMR could potentially qualify as an accurate technique for textile analysis.

5.2. Raw Materials of Papers II-IV
5.2.1. Hydrothermal Synthesis of Gold and Silver Nanoparticles on
Bleached PHK Pulp

The synthesis procedure of gold and silver nanoparticles followed a hydrothermal method reported by Bumbudsanpharoke et al, where diluted, aqueous solutions of HAuCl4 were applied on wet, unbleached kraft pulp to form nanometal
particles (121°C, 101.35 kPa, 30 min) (Bumbudsanpharoke & Ko 2015). Under
adequate conditions, cellulose can stabilize metal ions to convert them to their
reduced form using its half acetal groups on the anomeric carbon (Boufi et al.
2011; Bumbudsanpharoke & Ko 2015). Several studies also indicated that reduction reactions of this type are governed by an appropriate pH (Tang et al.
2015b), and the presence of lignin (Bumbudsanpharoke & Ko 2015).
In this study, we adjusted the reported protocol to higher temperatures and
longer reaction times (135°C, 2-15 h) to generate quantitative yields on bleached
PHK pulp. Figure 20 displays the sample substrates before and after coating
with Au, AgAu, and AgNPs.
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Figure 20. SEM images of the PHK pulp surface before and after coating with Au, AgAu,
and AuNPs. Image modified from Paper IV (Haslinger et al. 2020).

It is evident that the size and distribution of the nanoparticles differed according to the metal type. While larger Au and AgNPs aggregated on distinct areas,
the smaller AgAuNPs were distributed uniformly on the cellulose surface.
Table 9 summarizes the yields of gold and silver after the respective coating
procedures. The reaction times were solely estimated based on the color change
occurring during the synthesis. After 2h, 71-84 % of the Au employed had precipitated on the cellulose surface, whereas Ag required more than a sevenfold to
reach a yield of 94 %. Further optimization may have provided conditions that
are more efficient.
Table 9. Yield of Au and Ag on the pulp samples according to ICP analysis before and
after coating with Au, AgAu, and AuNPs. Data retrieved from Paper IV (Haslinger et al.
2020).
Sample

Time / 2h

Au Yield / %

Ag Yield / %

Uncoated Pulp

0

-

-

Pulp with AuNPs

2

71±1

-

Pulp with AgAuNPs

2

84±1

65±1

Pulp with AgNPs

15

-

94±2

5.2.2. Pretreatments of Cotton and Cotton Polyester Blends

This thesis attempted to solve several pressing problems concerning the recyclability of cotton waste in textile industry. Among them, the exploitation of
blended, cellulose rich textile waste for staple fiber spinning, and the translation
of dyestuff from waste sources to new fiber products.
In principal, the Ioncell technology allows to upcycle cellulose from various
waste streams, if their macromolecular properties correspond to a certain target
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range (η=400-500 ml/g) (Asaadi et al. 2016; Ma et al. 2018; Ma et al. 2016).
However, natural fibers such as cotton display much higher viscosities (η=2000
ml/g), which can be lowered for MMCF processes by DP adjustment. The same
applies for post-consumer cotton if the degradation caused by wearing and
laundering was insufficient (cf. domestic and industrial laundering) (Wedin et
al. 2019). When a second fiber component comes into play, it further enhances
the complexity of the process.
The challenges addressed above bring about different pre-requisites in terms
of pretreatment. The utmost aim of any recycling strategy is to promote sustainability, i.e. to reduce the consumption of chemicals and resources. In case of
blended textile waste, this implies that all material components are intended to
be re-used without a major amount of processing steps.
The cotton polyester blend studied herein represented a mixture of post-consumer waste obtained from a textile recycling company (SOEX, Germany). Prior
to processing, impurities such as buttons and zippers were removed, and the
waste fractions were blended to obtain a cotton content of 50 wt%. A pretreatment sequence of Ew-disk refining-P-Z-A subsequently bleached and decreased
the viscosity of the substrate. Alkaline washing (Ew) aimed to eliminate silicates, while disk refining adjusted the particle size of the sample. Hydrogen peroxide (P) and ozone (Z) lowered the DP and increased the brightness, whereas
acid washing (A) removed metal contaminations.
Both peroxide and ozone treatments tend to have a negligible effect on the
MMD of cellulose. Similarly, acid washes lead to a PDI (~2.0), which is close to
the original MMD of cotton (Flory 1953 (1969)). In this respect, it appears natural to investigate also the pretreatment’s impact on the PET fraction. In Table
10, the number average molar mass (Mn), weight average molar mass (Mw),
and PDI of the sample were evaluated according to the different pretreatment
steps.
Table 10. Number average molar mass Mn, weight average molar mass Mw, and PDI
of PET before and after the pretreatment steps. Table copied from Paper II (Haslinger
et al. 2019b).
Sample

Mn / kDa

Mw / kDa

PDI

PET before Treatment

9.8 ± 0.3

21.4 ± 0.2

2.1 ± 0.2

PET after Alkali (E)

9.8 ± 0.3

22.4 ± 0.2

2.3 ± 0.2

PET after Disk Refining (disk)

10.1 ± 0.3

22.5 ± 0.2

2.2 ± 0.2

PET after Ozone (Z)

9.4 ± 0.3

21.8 ± 0.2

2.3 ± 0.2

PET after Peroxide (P)

9.3 ± 0.3

21.6 ± 0.2

2.3 ± 0.2

PET after Acid (A)

9.5 ± 0.3

21.6 ± 0.2

2.3 ± 0.2

The pretreatment sequence caused a negligibile alteration in the MMD. While
Mn experienced a minor decline from 9.8 to 9.5 kDa, Mw remained unchanged.
This triggered a small increase in the PDI (2.1-2.3), suggesting a slight broaden-
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ing of the molar mass distribution of PET. However, the obtained results indicate a certain heterogeneity in the waste substrate, rather than a degradation
induced by the pretreatment of cellulose.
In Paper III, pure pre- and post-consumer cotton was dyed with vat and reactive dyes to study their fastness during dissolution and respinning. Before dyeing, 50 worn out hospital bed sheets were assessed according to their limiting
viscosities. Among them, 32 (62%) classified as suitable to be used without pretreatment. Bed sheets with values below 350 ml/g and above 550 ml/g were
excluded from the study. Subsequently, the samples were divided into sets of 1
kg and dyed with Indanthren Brilliant Red FBB, Indanthren Brilliant Green FBB
Coll, Remazol Black B gran 133%, Remazol Brilliant Blue R spec, Levafix Brilliant Red E-4BA, and Levafix Blue E-GRN.
Indanthren Blue BC 3% was applied onto a white, pre-consumer cotton fabric.
For DP adjustment, we tested four types of pretreatment including high energy
electron beam dosages (e-beam), acid hydrolysis (A), and combinations of acids
and endoglucanase (EG-A, A-EG). Mechanical treatments and bleaches such as
Z and P were evaded to preserve the original dye structure.
E-beam treatments rely on high-energy electrons (10 MeV), which are fired at
stacks of cotton fabrics to induce a homogenous cleavage in the polymer. The
procedure generates free radicals and labile carbonyl groups, which can continue the degradation of cellulose beyond the actual treatment (Sixta 2006). In
contrast, enzymes render the structure of cellulose more polydisperse as they
favor amorphous over crystalline regions and tend to act mostly on the cellulose
surface due to their limited mass transfer through the pores. Besides depolymerisation, they also enable to increase the reactivity of the sample, which
translates to an enhanced dissolution in the solvent (Pérez et al. 2002). Combinations of both acid washing and enzymes reduce costs and contaminants, while
they broaden the MMD of cellulose to support the formation of filaments during
dry-jet wet spinning (Michud, Hummel & Sixta 2015).
5.2.3. Viscosities and Molar Mass Distributions

As illustrated in Figure 21 and Table 11, viscosity and MMD depended on the
origin and pretreatment of the cellulose substrate. Wood pulp inherently shows
a broader MMD (Mn=71.5 kDa, Mw=255.2 kDa, PDI=3.6, s. Figure 21d) than
pre-consumer cotton (Mn=423.1 kDa, Mw=1417.3 kDa, PDI=2.4, Figure 21b),
despite a significantly lower intrinsic viscosity (η=464 ml/g). This is also displayed in the high proportions of low and high molecular weight fractions
(DP<100=4.1%, DP>2000=22.0%) that allowed a stable dry-jet wet spinning
(Michud, Hummel & Sixta 2015). With the introduction of nanoparticles into
the system, the MMD negligibly shifted to lower molecular weight fractions over
treatment time and metal type employed (DP<100=4.1-4.3%, DP>2000=19.221.3%), while the PDI slightly narrowed to 3.4-3.5. However, it is assumed that
these alterations were rather arbitrary, since this trend could not be observed
for sample blanks subjected to the same treatment conditions (cf. Paper IV).
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1

423.1±1.0
147.3±3.2
67.1±7.6
75.9±1.2
114.5±14.5
94.1±4.2
93.7±1.5
100.1±4.0
91.8±0.1
91.9±2.5
102.4±5.3
89.1±1.8

2032±50
545±11
496±15
470±12
454±11
396±16
461±78
435±33
448±113
422±63
465±28
426±56
71.5±7.7
72.1±4.3
69.6±0.7
68.6±1.1

68.3±0.7
9.8±0.3

450±50
-

464±0.2
461±8
477±2
478±9

Mn / kDa

η / (ml/g)

255.2±6.3
248.3±3.8
246.2±1.1
232.4±4.5

193.8±2.6
206.5±3.5
210.5±1.0
255.3±0.1
204.0±0.5
308.3±1.5
186.8±0.3

1417.3±57.7
391.1±10.6
304.5±13.4
380.0±55.9
314.9±6.1

193.2±5.1
21.4±0.2

Mw / kDa

3.6±0.3
3.4±0.2
3.5±0.1
3.4±0.1

2.1±0.1
2.2±0.02
2.1±0.1
2.8±0.003
2.2±0.1
3.0±0.1
2.1±0.04

2.4±1.4
2.7±0.1
4.6±0.7
5.0±0.8
2.8±0.4

2.8±0.04
2.1±0.2

PDI

4.1±0.1
4.1±0.3
4.2±0.04
4.3±0.1

1.5±0.4
1.4±0.06
1.3±0.3
1.9±0.08
1.8±0.2
1.6±0.4
1.7±0.3

0
0.3±0.1
3.6±1.3
2.7±0.2
0.9±0.9

2.9±0.01
-

DP<100 / %

The considerably low values in the MMD in case of the cotton polyester blend may result from different GPC runs with distinct calibrations.

Sample
Pretreatment
Post-Consumer Cotton Polyester
Cotton from CO PET Blend1
Ew-disk-P-Z-A
Polyester from CO PET Blend
Ew-disk-P-Z-A
Pre-Consumer Cotton
Untreated Cotton
Indanthren Blue BC 3%
e-beam
Indanthren Blue BC 3%
EG-A
Indanthren Blue BC 3%
A-EG
Indanthren Blue BC 3%
A
Post-Consumer Cotton
Undyed Cotton
Indanthren Brilliant Red FBB
Indanthren Brilliant Green FBB Coll
Remazol Black B gran 133%
Remazol Brilliant Blue R spec
Levafix Brilliant Red E-4BA
Levafix Blue E-GRN gran
Bleached PHK Pulp with NP Coatings
Uncoated Pulp
Pulp with AuNPs
2h, hydrothermal
Pulp with AgAuNPs
2h, hydrothermal
Pulp with AgNPs
15h, hydrothermal

22.0±0.8
21.3±.2
20.7±0.1
19.2±0.02

15.3±0.2
17.7±0.3
18.5±0.02
23.1±0.2
17.5±0.04
29.1±0.2
14.3±0.01

78.1±0.8
37.8±0.4
24.8±0.5
28.1±0.5
29.4±0.7

14.4±0.2
-

DP>2000 / %

Table 11. Summary of pretreatments, limiting viscosity (η), number average molar mass (Mn), weight average molar mass (Mw), polydispersity index (PDI), and
percentage of degree of polymerization (DP) below 100 and over 2000.The raw materials listed display the samples of Papers II-IV.

Paper II

Paper III

Paper IV

(a)

(c)

(b)

(d)

Figure 21. Molar mass distributions of the cellulose substrates in Papers II-IV. (a) MMD
of cotton from a pretreated, post-consumer cotton polyester blend,2 (b) MMD of Indanthren Blue BC 3 % dyed pre-consumer cotton before and after pretreatment with ebeam, EG-A, A-EG, and A, (c) MMD of untreated, vat and reactive dyed post-consumer
cotton, (d) MMD of bleached PHK pulp before and after coating with Au, AgAu, and
AgNPs. Graphs edited and merged from Papers II-IV.

In contrast, the MMD of dyed pre-consumer cotton changed noticeably
throughout the different pretreatment procedures. Both e-beam and A resulted
in narrow MMDs (PDI=2.4-2.8) with proportionally high amounts of long polymer chains (DP>2000=29.4-37.8), whereas A-EG and EG-A increased the PDI
(4.6-5.0) to better match the properties of PHK pulp. In either case, Mn and Mw
decreased to 67.1-75.9 kDa and 304.5-380.0 kDa as compared to e-beam and
acid treated pulp (Mn=114.5-147.3 kDa, Mw=314.9-391.1 kDa). This also corresponds to the higher percentage of shorter cellulose chains (DP<100=2.7-3.6 %)
combined with less fractions above DP>2000 (24.8-28.1%). In spite of these alterations, most limiting viscosities (η=454-545 ml/g) still complied with the set
target range of 400-500 ml/g. The same applied for the cellulose component
Note: The MMD data of the cotton polyester blend before the pretreatment is missing
due to an unavailability from the supplier (VTT), who conducted the pretreatment.

2
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assessed in the pretreated, post-consumer cotton polyester blend (η=450 ml/g,
s. Figure 21a). The sample exhibited a Mn of 68.3 kDa and Mw of 193.2 kDa,
which was similar to the A and e-beam treated samples in terms of PDI (2.8).
Nonetheless, it showed a higher amount of low molecular weight fractions
(DP<100=2.9%) accompanied by a smaller number of longer polymer chains
(DP>2000=14.4 %).
Apart from Remazol Black B gran 133% and Levafix Brilliant Red E-4BA
(PDI=2.8-3.0), all untreated, dyed post-consumer cotton samples displayed
uniform macromolecular properties (cf. Figure 21c) with considerably small
PDIs (2.1-2.2). While their high molecular weight fractions (DP>2000=14.318.5%) resembled the cotton polyester substrate, their amount of shorter polymer chains was evidently lower (DP<100=1.5-1.8%). This deviation is also embodied by the distinct molar masses Mn and Mw (Mn=89.1-94.1 kDa,
Mw=186.8-210.5 kDa), which largely differed from pre-consumer cotton concerning their weight average molar masses. In contrast, Levafix Brilliant Red E4BA and Remazol Black B gran 133% exhibited substantially higher Mw values
in the range of 255.3-308.3 kDa translating to a greater presence of longer polymers (DP>2000=23.1-29.1%). These differences are only marginally represented in the limiting viscosities of the samples (η=396-465 ml/g) and can
largely be attributed to the heterogeneity of the waste substrate.

5.3. Dissolution and Dry-Jet Wet Spinning
As stated in the previous chapters, the dissolution of cellulose in ionic liquids
involves various factors such as the IL’s solvent power, the polymer concentration and DP, as well as the dissolution time and temperature (Fink et al. 2001;
Parviainen et al. 2014).
All samples discussed herein were dissolved via a standard procedure
(kneader, 1-2h, 70-80°C, ~10 mbar, press filtration at 80°C) that was developed
earlier (Michud et al. 2015; Sixta et al. 2015). Solution time and temperature
mainly depended on the cellulose substrate. In particular, the cotton polyester
samples demanded shorter dissolution times (1h) and milder filtration temperatures (70°C) to hinder the degradation of PET in the mixture. For the same
reason, it was also attempted to add a surplus of HOAc (30%) to the IL to render
the pKa value of the system less alkaline. In case of dyed pretreated, pre-consumer cotton, partially longer dissolution times were employed (2h) to compensate for the hornification created by repeated wetting and drying throughout the
pretreatment stage. Despite this, the resulting solutions still showed aggregates
of undissolved particles, which lowered the final concentration of the mixtures.
In contrast, dyed post-consumer cotton and the nanoparticle-coated pulp could
be dissolved without any difficulties (80°C, 1.5 h).
This practical discrepancy is also highlighted by the rheological behavior of
the solutions (Figure 22a-d and Table 12). As described in the experimentals,
the samples were subjected to frequency sweep measurements at distinct temperatures to assess their complex viscosity η* and dynamic moduli (G’, G’’) as a
function of the angular frequency (ω).
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40.3±2.7
44.3±1.4
45.5±2.8
48.5±4.1

56.4±4.3
54.4±8.4
54.7±4.4

1.2±0.1
1.0±0.1
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1.2±02
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1.3±0.2
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47.7±3.4
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1.7±0.1
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8
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8.8
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Cellulose Solutions from Pretreated Dyed Pre-Consumer Cotton
13-14 70
Indanthren Blue
31100 1.07
6996
12
no
BC 3% e-beam*
13-14 70
Indanthren Blue
31100 0.53
2179
12
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BC 3% EG-A*
Indanthren Blue
13
70
16400 0.61
1630
12
no
BC 3% A-EG
Indanthren Blue
13
70
26500 0.90
3905
12
no
BC 3% A*
Cellulose Solutions from Dyed Post-Consumer Cotton
Undyed Cotton
13
65 47500 0.42
4554
12
yes
Indanthren Brilliant
13
65 37200 0.76
4913
12
yes
Red FBB
Indanthren Brilliant
13
65 41200 0.37
3484
12
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Green FBB Coll

-

1495

34.8±5.3
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6.90
2.7±0.3

1400
175700

bad

60
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6.5

Spin.

6.5

DR

COPET_6.5_HOAc

G’=G’’

COPET_6.5

ω
/ cN/tex

η0*

Tenacity

T

Titer

Cell.

12.3±1.9

13.0±1.4
14.3±1.0

12.8±1.3

8.9±1.1

10.8±0.6

7.4±1.4

8.7±0.8

9.0±1.3

7.3±1.4

/%

Elong.

Fiber Properties / Cond.

/wt% /°C / Pa s
/ s-1
/ Pa
/ dtex
Cellulose Solutions from Pretreated Post-Consumer Cotton Polyester Blends

Sample

Spin Dope Rheology

51.2±6.0

53.4±4.0
54.3±2.3

47.4±4.1

45.0±3.5

39.5±3.2

33.7±3.3

44.6±3.3

20.5±1.3

36.6±5.2

/ cN/tex

Tenacity

Wet

13.2±1.5

13.7±1.1
14.3±1.1

12.4±3.1

11.5±1.3

12.5±0.7

7.3±1.0

11.3±1.0

10.8±1.8

8.5±0.7

/%

Elong.

0.044±0.005

0.043±0.004
0.045±0.006

0.044±0.004

0.044±0.017

0.048±0.007

0.048±0.007

0.042±0.008

0.036±0.012

0.044±0.005

Δn

Birefringence

0.71±0.09

0.70±0.07
0.72±0.09

0.71±0.06

0.72±0.27

0.78±0.11

0.78±0.12

0.67±0.12

0.59±0.19

0.71±0.08

ftotal

Table 12. Summary of all spun samples from Papers II-IV including cellulose concentrations (Cell.), rheological parameters (η0*, ω, G’=G’) at the spinning temperature
(T), fiber properties (titer, tenacity, and elongation) in conditioned and wet stated, as well as birefringence measurements (Δn, f total). Note: Samples marked with *
display average values due to multiple trials with the same parameters.
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13
80 26100 0.42
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AgAuNP pulp
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Figure 1. Rheological parameters of cellulose solutions prepared from CO PET blends
(a), dyed, pretreated pre-consumer cotton (b), dyed post-consumer cotton (c), and nanoparticle coated pulps (d) at their spinning temperatures (60°C, 70°C, 65°C, and 80°C).
Complex viscosity (η*) and dyamic moduli (G’, G’’) were measured as a function of the
angular frequency (ω). An asterisk (*) was added to curves that represented average
results of multiple trials. Figures adapted from Papers II-IV.
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η* can subsequently be fitted with the cross model to obtain an apparent zero
shear viscosity η0* at minimum shear rates (Sammons et al. 2008). Previous
studies suggest that η0* values of 20 000-30 000 indicate optimal spinning conditions if standard substrates are employed (i.e. 13 wt% PHK pulp) (Michud,
Hummel & Sixta 2016; Michud et al. 2015; Sixta et al. 2015), while cotton demands higher zero shear viscosities (32 700-78 200 Pa s) to be spun to filaments
(Asaadi et al. 2016). This is also reflected in the lower spinning temperatures for
cotton (65-70°C), and therefore requires adjusted processing conditions.
Cellulose solutions usually behave as Newtonian fluids at lower angular frequencies. With increased shear stress, however, the polymer network disconnects, and shear thinning occurs, leading to a decrease in the complex viscosity
of the samples (Haward et al. 2012; Chen et al. 2009; Gericke et al. 2009). This
becomes particularly evident for lower cellulose concentrations such as obtained from the separation of cotton and polyester (i.e. 6.5 wt%, 10.5 wt%, cf.
Figure 22a), where the Newtonian plateau is maintained for a longer frequency
range. At higher cellulose concentrations (cf. 13-14 wt%), the critical point for
shear thinning shifts to lower shear rates as the disentanglement of the polymer
chains is increased faster under increased shear stress (Chen et al. 2009). Accordingly, all samples prepared from nanoparticle-coated pulp showed a similar
trend for η*, since the coating procedure left the pulps’ MMD unaffected. The
complex viscosities of dyed pre- and post-consumer waste were influenced by
the choice of the colorant and the differences in their MMDs. Although Indanthren Brilliant Red FBB did not dissolve in [DBNH] [OAc], it did not impair the
dissolution of the dyed cotton substrate. In contrast, dyeing with Levafix Brilliant Red E-4BA lowered the solubility of the sample so that gelation could be
observed (s. Figure 22c). This phenomenon is depicted by the linear decrease of
η* and can also be found for COPET_6.5_HOAc, where an excess amount of
acetic acid impeded the full dissolution of cotton.
The gel formation is also portrayed by the missing crossover point (COP) of
storage and loss modulus (G’, G’’) (cf. Table 12), which usually indicates a transformation of the solution state from liquid to solid. Similar to η*, it is determined by the cellulose’ concentration and DP, but it is only marginally influenced by the temperature (Mezger 2006). When a gel is formed, no COP exists
because G’ remains higher than G’’ throughout the whole shear rate range,
which implies the presence of interlinked ordered cellulose clusters (Mezger
2018).
As a benchmark, spinnable solutions of virgin PHK pulp (η=482±3 ml/g,
PDI=3.6±0.3, cf. Table 11) display a COP of around ω=0.42 s-1 and G’=G’’= 2343
Pa (cf. Uncoated Pulp in Table 12). On the contrary, virgin cotton exhibits an
intrinsically much narrower MMD (η=2032±50 ml/g, PDI=2.4±1.4, cf. Preconsumer cotton Table 11) than dissolving pulp, which can even be further decreased by wearing and laundering (Palme et al. 2014; Wedin et al. 2019). At
similar concentrations, this translates to cellulose solutions with comparable
angular frequencies (ω=0.18-1.07 s-1), but with significantly higher moduli
(G’=G’’= 3131-6996 Pa). This also applies for pre-consumer cotton pretreated
with acids or e-beam irradiation (ω=0.90-1.07 s-1, G’=G’’=3905-6996 Pa) (Sixta
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2006; Flory 1953 (1969)), while enzymatic treatments rendered cellulose more
polydisperse (ω=0.53-0.61 s-1, G’=G’’=1630-2179 Pa) (Pérez et al. 2002). Lower
cellulose concentrations induce similar rheological effects. The viscous domain
of the sample solutions is extended to higher shear rates (ω=1.40-6.90 s-1),
whereas the moduli gradually decline (G’=G’’=1495-3224 Pa) as DP and concentration decrease (cf. samples COPET_6.5, and COPET_10.5 in Table 12). Besides, the COP can be altered by changing the interactions between cellulose and
the solvent. Nanomaterials, such as silca particles or carbon nanotubes, are
known to affect the storage modulus of cellulose solutions, as they modify the
hydrogen bonding pattern in the system (Czarnecki 2007; Rahatekar et al.
2009; Song et al. 2013). Presumably, the addition of noble metal nanoparticles
had a comparable effect on the spin dope, which made the dynamic moduli undergo a noticeable elevation from 2343 Pa to 4242-4774 Pa.
The deviations in the rheological behavior also translated to the spinnability
of the respective solutions. When filaments are extruded, the polymer chains
pre-orientate in the spinneret, and further align once stretched in the air-gap
(Fink et al. 2001). The success of this process again depends on the spinning
temperature and the cellulose concentration employed as the liquid thread requires to withstand the forces created by the spinning process during extrusion
(Ziabicki & Takserman-Krozer 1964a; Ziabicki & Takserman-Krozer 1964b).
Therefore, lower concentrations (cf. COPET_6.5, COPET_6.5_HOAc, and
COPET_10.5) and narrower MMDs (cf. dyed post-consumer cotton) were spun
at lower spinning temperatures (60-65°C) than samples with greater variation
in their molecular weight fractions and higher cellulose content (70-80°C, cf.
pre-consumer cotton and nanoparticle coated pulp). These conclusions were
not relevant for COPET_6.5_HOAc and Levafix Brilliant Red E-4BA due to their
gel character. Their spinnability was unsatisfactory at all temperatures as their
pre-defined network structure prevented further enhancement of the filament
strength during spinning (Hauru et al. 2016). These circumstances consequently transferred to poor yields and fiber properties.
Under certain prerequisites, previous studies described the spinnability of cotton-based raw material dependent on the maximum draw ratio (DR) obtained:
DR < 2 non-spinnable, 2-8 poor, 8-14 good, >14 excellent (Asaadi et al. 2016).
However, these criteria only apply if the cellulose concentration is maintained
in a standardized range (13-14 wt%). Once lowered, new categories need to be
defined. For cotton spun from cotton polyester blends, we thus assigned DR<2
as non-spinnable, 2-4 poor, 4-8 good, >8 excellent. As implied in Table 12, the
solutions of COPET_6.5 and COPET_10.5 both showed good to excellent spinnability, which resulted in staple fibers with linear densities of 0.8 dtex and 1.7
dtex, respectively. As the former value already falls into the microfiber range,
fibers thereof would qualify for speciality applications, while 1.7 dtex fibers
could be used in common clothing. COPET_6.5_HOAc only exhibited a poor
spinnability (DR=4), which led to weak 2.7 dtex staple fibers. Using a DR of 12,
the remaining samples were converted to 1.0-1.4 dtex fibers dependent on their
solubility and concentration in the IL.
Figure 23 illustrates their tenacities as a function of the Young’s modulus.
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Figure 23. Summary of all fibers spun in Papers II-IV ranging from pre- and post-consumer cotton to cotton polyester blends and nanoparticle coated wood pulp. The samples were plotted dependent on their tenacities and elastic moduli. Viscose, Tencel, and
standard Ioncell fibers were added as a reference.

It is evident that the narrow MMD of dyed post-consumer cotton emerged
into the highest tenacities (50.7-59.8 cN/tex) and elasticities (12.3-14.3 %) apart
from Levafix Brilliant Red E-4BA, which was not spinnable at all. Fibers from
nanoparticle coated pulp displayed similar properties (45.0-46.6 cN/tex, 11.513.1) to standard Ioncell fibers (49.9 cN/tex, 12.5%) although Ag containing
samples appeared slightly more elastic. Concerning pre-consumer cotton, neither e-beam nor A allowed stable fiber spinning, which partially manifested in
lower tenacities. In particular, the former caused substantially weaker filaments
(40.3 cN/tex, 7.4%) as compared to A, EG-A, and A-EG (44.3-48.5 cN/tex, 8.912.8%). This difference can be attributed to the prevailing degradation triggered
by radicals occurring during e-beam irradiation (Sixta 2006). In contrast, cotton obtained from textile blends led to stiffer fibers (7.3-9.0 %) with tenacities
dependent on the cotton concentration employed. A cellulose concentration of
10.5 wt% raised the fiber strength to 44.6 cN/tex, while 6.5 wt% resulted in 20.536.6 cN/tex. Especially, the lower value is a result of an excess amount of acetic
acid present in the solvent, which impeded the dissolution of cellulose and the
reinforcement of a fibril structure during fiber spinning. The properties in wet
state corresponded to this pattern, although no trend could be observed for the
birefringence value Δn and total orientation factor ft. This is also confirmed by
Michud et al, who found that the fibril orientation in the fibers tends to stabilize
above DRs higher than 6 (Michud, Hummel & Sixta 2016).
Eventually, this section demonstrated that both dissolution and fiber spinning
are dependent on the same variables such as the dye and pretreatment type,
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viscosity, MMD, concentration and temperature. As also indicated by Figure 23,
especially the properties of the fibers regenerated from CO/PET blends could
further be enhanced by increasing the spin dope concentrations through improved filtration procedures. This would enable a denser packing of the cellulose
chains along the spinning direction, which would finally result in higher tenacities. Despite these obvious alterations, all fibers produced herein showed properties similar or even superior to commercial MMCFs, thus offering more sustainable pathways to textile industry.

5.4. Polyester in the Ioncell Process
At elevated temperatures, literature proposes various imidazolium based ILs
as catalysts for the dissolution and degradation of PET (Wang et al. 2009). It is
assumed that the choice of the anion affects the corrosiveness of the IL (Liu et
al. 2009). As a powerful cellulose solvent, [BMIM] [OAc], for example, has been
reported to dissolve small fractions of PET (3.4 wt%, 150°C), whereas [BMIM]
[Cl] also enabled the hydrolysis of the polymer (Liu et al. 2009). Uncatalzyed,
PET can be hydrolyzed in an aqueous environment at temperatures above 100°C
(Buxbaum 1968).
When it comes to the separation of cotton polyester blends, ILs have yet been
considered to preserve the molecular integrity of PET. Negulescu et al. and
Brinks et al. were among the first ones to study the preparation of cellulose solutions from blends of synthetic fibers, but neither of them investigated the behavior of PET in the solvent (NMMO) (Brinks et al. 2013; Negulescu et al. 1998).
Da Silva et al. utilized both, [AMIM] [Cl] and [BMIM] [OAc], to dissolve cellulose of cotton polyester yarns. The recovered PET fractions were characterized
with a combination of DSC, TGA, FTIR and NMR. Although residual cellulose
could be observed, neither of these methods detected any degradation of PET.
The TGA even suggested an intact polymer structure as the melting point of PET
remained unaffected throughout processing (Silva, Wang & Byrne 2014).
In this thesis, cotton polyester blends were treated with [DBNH] [OAc] to obtain a cellulose solution and a PET residue. In a similar manner, the TGA experiments did not indicate any influence of the separation procedure on the PET
fractions. As shown in Figure 24a and Table 13, their onset temperatures (TO)
stayed largely unchanged (TO=393-397°C), although their molar mass distributions were altered significantly by the processing conditions employed (cf. Figure 24b). Therefore, it is a matter of the right analytical toolkit whether the degradation of PET can be observed.
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bimodal

(a)

(b)

Figure 24. TGA (a) and molar mass distribution of polyester before (Reference) and
after separation with [DBNH] [OAc]. Images adapted from Paper II (Haslinger et al.
2019b).
Table 13. Polyester before (Reference) and after separation: Residual cellulose content, number average molar mass (Mn), weight average molar mass (Mw), polydispersity index (PDI), and onset temperature (TO) dependent on the time (h) in [DBNH] [OAc].
Table adapted from Paper II (Haslinger et al. 2019b).
Sample
Reference
PET from
COPET_6.5
PET from
COPET_6.5
PET from
COPET_6.5_HOAc
PET from
COPET_10.5

Time in IL
/h
0

Cellulose
/ wt%
48.8±6.7

2

Mn

Mw
/ kDa
23.5±0.2

PDI

/ kDa
9.2±0.3

2.6±0.2

TO
/ °C
-

2.5±0.5

6.2±0.2

17.4±0.1

2.6±0.2

397

3

1.7±0.4

4.4±0.1

12.0±0.1

2.8±0.2

398

3

2.0±0.4

7.1±0.2

19.5±0.1

2.7±0.2

393

3

1.9±0.5

5.9±0.1

16.5±0.1

2.8±0.2

397

After 2h (80°C, cf. PET from COPET_6.5), Mn and Mw had already noticeably
decreased from 9.2 kDa to 6.2 kDa and from 23.5 kDa to 17.4 kDa. This reduction amounted one third of the molecular weight and was further continued
throughout the second washing step (80°C, 1h, Mn=4.4 kDa, Mw=12.0 kDa). A
comparable decline also occurred for the PET regained from COPET_10.5,
which was lowered to Mn=5.9 kDa and Mw=16.5 kDa. This is also represented
by its bimodal MMD in Figure 24b, resulting from the consecutive addition of
two different sample fractions. In contrast, an excess amount of HOAc (30%) in
the mixture allowed to decrease the corrosiveness of the IL (Mn=7.1 kDa,
Mw=19.5 kDa), while impeding the formation of cellulose filaments during dryjet wet spinning. Unlike the MMD, the PDI of the samples (2.6-2.8) remained
unchanged by the treatment in [DBNH] [OAc], which implies a uniform cleavage of the polymer structure.
Solid-state NMR, as described in chapter 5.1., determined the content of residual cellulose in the PET fractions (s. Table 13). The separation procedure
could lower the cellulose concentration from 48.8 wt% to 2.5 wt% after one
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washing step. With a repetition of the same protocol, the cellulose content further decreased to 1.7-2.0 wt% even if acetic acid was present.
Without a doubt, both mechanical and chemical stability are essential for PET
to be reprocessed to new value-added products. Especially, melt spinning of
textile grade fibers demands high quality substrates. Virgin PET exhibits a Mw
above 30 kDa, but undergoes substantial hydrolysis once spun to filaments
(Samperi et al. 2004). Similar to cellulose, the degradation continues during
wearing and laundering. In post-consumer garments, the MMD of PET thus
falls below the required criteria for respinning already before any processing is
applied. Unfortunately, the method discussed herein further contributes to this
process, although shorter dissolution times of cellulose in large scale reactors
might reduce this effect to a minimum. Therefore, the recovered PET might
rather be reused in depolymerization-repolymerization concepts (Sun et al.
2018) or in chain extension approaches (Awaja & Pavel 2005).

5.5. Dyes in the Ioncell Process
In Paper III, three vat (Indanthren Blue BC 3%, Indanthren Red FBB coll, and
Indanthren Brilliant Green FBB coll) and four reactive dyes (Levafix Brilliant
Red E-4BA, Levafix Blue E-GRN gran, Remazol Brilliant Blue R spec, and
Remazol Black B gran 133%) were evaluated for their durability on pre- and
post-consumer cotton throughout recycling (cf. Figure 25). Accordingly, we
dyed white cotton fabrics, shredded, and dissolved them in [DBNH] [OAc] to
spin new MMCFs.
Recyclable colorants need to survive a whole lifecycle of sunlight exposure,
washing, and wearing. When clothing is disposed, it should still exhibit enough
color strength, which can be transferred to a new textile product. Throughout
dry-jet wet spinning, dyes should neither influence the solubility of the waste
substrate nor impair the spinnability of the resulting solution (Tawiah & Asinyo
2016). Their chemical structure should also be resistant to the conditions of the
process to avoid leaching into the spin bath, and contamination of the equipment (Bechtold & Manian 2006).
As stated earlier, the stability of dyes largely depends on their chemical structure. Vat dyes are composed of anthraquinone units that can be rendered watersoluble by reduction in an alkaline medium. Re-oxidation precipitates the colorants on the cellulose surface, where they are stabilized through electrostatic
interactions. On the contrary, reactive dyes link to cellulose via covalent bonding, leading to a high stability of the chromophores (Mahapatra 2016). Similar
to Indanthrens, it is also known that reactive dyes with anthraquinone groups
are more tolerant to laundering and chemical bleaches (Bigambo et al. 2018).
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Figure 25. Chemical structures of the vat and reactive dyes tested in this thesis. Image
copied from Paper III (Haslinger et al. 2019c).

Accordingly, a similar correspondence can be expected for dyed waste garments recycled within the Ioncell technology. Table 14 displays the color coordinates (L*, a*, b*) of dyed, post-consumer cotton fabrics, and the regenerated
fibers produced thereof. L* indicates the lightness of the samples, while a* and
b* denote the red-green and yellow-blue values in the CIELAB space. ΔE represents the vector amount of the coordinates before and after recycling. Values of
ΔE=0-0.5 describe an unnoticeable color difference, while ΔE=0.5-1.0 implies
the smallest difference by visible human eye. ΔE=1.0-5.0 represents a color
change with increasing visibility, while results above 5.0 refer to a different
color.
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Table 14. Summary of the CIELAB parameters (L*, a*, b*) of the dyed waste fabrics
and the recycled, regenerated fibers produced thereof. Table adapted from Paper III
(Haslinger et al. 2019c).
Waste Fabrics
Samples
Indanthren Blue
BC 3%

L*

a*

Regenerated Fibers
b*

L*

a*

b*

ΔE

69.0
±0.3

-4.9
±0.3

-22.2
±1.1

56.6
±1.1

-6.6
±0.1

-14.0
±0.3

14.9

Indanthren Brilliant
Red FBB

40.5
±1.0

49.1
±0.6

6.9
±0.4

39.5
±0.8

38.1
±0.7

12.9
±0.3

12.6

Indanthren Brilliant
Green FBB Coll

37.0
±0.5

-46.9
±0.4

-1.4
±0.1

34.5
±0.4

-38.4
±0.1

-0.9
±0.1

8.8

Remazol Black B
gran 133%

18.7
±0.3

-5.0
±0.1

-16.2
±0.2

35.6
±1.2

15.6
±0.3

6.2
±0.2

25.6

Remazol Brilliant
Blue R spec

43.0
±0.6

-1.8
±0.1

-39.7
±0.3

56.9
±3.1

0.7
±0.7

-20.7
±0.4

23.6

Levafix Brilliant
Red E-4BA

41.9
±0.3

62.0
±0.3

0.01
±0.2

-

-

Levafix Blue EGRN gran

37.5
±0.9

-1.5
±0.1

-31.97
±0.3

35.3
±1.4

-3.5
±0.5

-.
-23.3
±0.6

9.2

Besides Indanthren Brilliant Red FBB coll., all dyes dissolved in [DBNH]
[OAc] at elevated temperatures. On the cellulose substrate, this led to uniform
spinning solutions, which formed, apart from Levafix Brilliant Red E-4BA,
strong, colored filaments with consistent amounts of dye throughout the fiber
matrix. Nonetheless, all samples experienced a pronounced color change
(ΔE=8.8-25.6) induced by the recycling process.
Under adequate conditions, [DBNH] [OAc] causes an alkaline environment,
which can reduce vat dyes to their water-soluble form. This may weaken the
interactions between the cellulose structure and the dyes, eventually resulting
in a decrease of substantivity. On the contrary, Levafix dyes show two functional
groups that can covalently bind to cellulose via nucleophilic substitution. Although hydrolysis might occur, it is more likely that these dyes remain linked to
cellulose due to the presence of two dye-fiber bonds (Mahapatra 2016). Consequently, both Indanthren and Levafix dyes displayed color differences in a comparable range (ΔE=8.8-14.9), while the Remazol derivatives leached into the
spinbath substantially (ΔE=23.6-25.6).
The leaching is also confirmed by UV spectra of pure dye in water and the spin
bath after the respective spinning procedures (s. Figure 26). The absorption
maxima of Remazol Brilliant Blue R spec in water and in the spinbath appeared
at similar positions (590 nm, 587 nm), indicating a wash-off of unreacted dye.
In contrast, the signal of Remazol Black B gran 133% shifted to shorter wavelengths (597-574 nm) when subjected to the spinning process, which may be
attributed to a certain degree of degradation in the chromophore.
Overall, the spinning of dyed cotton waste led to an increase in the yellowness
(b*) of all samples, whereas the leaching of the Remazol derivatives enhanced
their lightness (L*). The rest of the fibers exhibited a decrease in L* with no
conclusive change in redness (a*).
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Figure 26. UV spectra of the Remazol Brilliant Blue R spec and Remazol Black B gran
133% dissolved in deionized water and when leached into the spinbath. Image copied
from Paper III (Haslinger et al. 2019c).

It is evident that the documented alterations are a consequence of an incomplete dye removal through laundering, changes in the interactions between the
dyes and cellulose, as well as surface phenomena. In particular, the latter is affected by the dissolution and regeneration of the polymer substrate altering fiber shininess and distribution of the dyes in the cellulose matrix.

5.6. Gold and Silver Nanoparticles in the Ioncell Process
In particles smaller than 100 nm, electromagnetic irradiation can induce a collective oscillation of the electrons on the metal surface (Kelly et al. 2003). The
absorption of light depends on the particle size and shape, and can lead to a
large spectrum of vivid colors (Eustis & El-Sayed 2006). Due to a restricted aspect ratio, spherical nanoparticles can only show colors from brown to yellow
(Ag) (Chen et al. 2015; Cai et al. 2009; Smiechowicz et al. 2011), or purple to
orange (Jain et al. 2006).
Figure 27 depicts the absorbance spectra and color coordinates of Au, AgAu,
and AgNP coated pulps and the regenerated fibers made thereof. The position
of the surface plasmon band correlates with the size of the nanoparticles (Eustis
& El-Sayed 2006). During hydrothermal synthesis, the reducing end groups of
cellulose reduce metal ions to their elemental form. In particular, Ag tends to
form aggregates in the cellulose matrix, which can result into a widening of the
absorption maximum at 420 nm (Su et al. 2003). With the dissolution of cellulose, the agglomeration is broken up, and the SPB becomes narrower at similar
wavelengths. At 420 nm, the shift indicated a particle diameter of 20-25 nm
(Lee et al. 2008), while Au and AgAuNPs showed a distinct redshift. Therefore,
their SPBs could be found at 540 and 510 nm, indicating a particle size of 40-60
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nm (Au) (Njoki et al. 2007) and 10-20 nm (AgAu) (Shin et al. 2008), respectively. Moreover, the absence of a second SPB regarding the AgAuNPs confirmed the formation of an alloy of gold and silver rather than element specific
nanoparticles (Shin et al. 2008).

Wavelength / nm

(a)

(b)

Figure 27 (a) Absorbance spectra and (b) color coordinates L*, a*, and b* of AuNP,
AgAuNP, and AgNP coated pulp and fibers. Image copied from Paper IV (Haslinger et
al. 2020).

After dry-jet wet spinning, the Lab values of all samples decreased, which represented a fading of color in all respects. However, as discussed in the wash fastness section below, the nanoparticle yield remained constant throughout the
spinning process. Accordingly, it can be assumed that dissolution and regeneration removed parts of the nanoparticles from the cellulose surface and incorporated them more homogenously in the fiber matrix (s. Figure 28), which led
to a decline in color and luster. Despite this, size and shape of the substrates
were not affected by the spinning technology.

Figure 28. (a) TEM images of a fiber cross section containing AuNPs, (b) SEM image
of of AuNPs on the fiber surface. Images merged from Paper IV (Haslinger et al. 2020).
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5.7. Yarn Spinning, Fabrics, and Demo Products
The success of yarn spinning relies on appropriate spin finish, sufficient fiber
strength, and frictional resistance to slippage (Oxtoby 2014). Treatment in Leomin PN and Aflian CVS intended to lower both cohesion and electrostatic interactions between the single fibers to allow facilitated processing. As moisture
serves as lubricant, conditioning overnight (23°C, 65% relative humidity) further improved the spinnability of the yarns. Overall, it is known that up to 70%
of the fiber strength can translate to the yarn (Klein 1998). Although twisting
reduces slippage, it challenges the fiber tenacity as the angle of fiber inclination
increases (Oxtoby 2014). However, high yarn strength may be relinquished in
favor of homogeneity and improved touch.
In this thesis, the fibers of Papers III and IV were spun to yarns and further
converted to different fabrics and various demo products. Table 15 depicts linear
density, yarn twist multiples (TM), tenacity and elongation at break of the respective samples.
Table 15. Linear density (titer), yarn twist multiples (TM), tenacity, and elongation at
break of the yarns spun from the regenerated fibers of dyed, pre- and post-consumer
cotton, as well as from nanoparticle coated pulp. Yarns from commercial cotton, Viscose
and Tencel, as well as a yarn from Ioncell fibers produced under standard conditions
(Uncoated Yarn) were added as references. Tables merged and modified from Papers
III and IV (Haslinger et al. 2019c; Haslinger et al. 2020).

Paper IV

Paper III

Sample
Pre-Consumer
Indanthren Blue BC 3%
Post-Consumer
Indanthren Brilliant Red FBB
Indanthren Brilliant Green FFB Coll
Remazol Black B gran 133%
Remazol Brilliant Blue R spec
Levafix Blue E-GRN gran
Uncoated Yarn
Yarn with AuNPs
Yarn with AgAuNPs
Yarn with AgNPs
Commerical Yarns
TencelTM
Cotton
Viscose

Titer
/ tex

TM

Tenacity
/ (cN/tex)

Elong.
/%

17.8±1.5

3.09

25.0±4.7

7.6±0.9

21.7±1.7
20.8±1.8
25.3±0.5
21.2±1.0
21.5±0.9
22.9±1.1
20.5±1.1
21.8±0.5
22.3±1.0

3.41
3.34
3.68
3.37
3.39
3.50
3.31
3.42
3.46

28.8±3.8
28.9±3.6
29.0±3.4
32.7±3.9
31.4 ± 4.4
30.9±3.4
20.5±6.2
26.2±3.4
26.9±4.0

6.9±0.5
6.4±0.5
7.1±0.5
6.9±0.5
6.7±0.6
8.1±0.9
6.0±0.9
7.1±0.5
8.0±0.5

19.9±0.3
21.1±0.5
20.5±0.2

-

22.3±1.7
14.4±1.2
13.9±1.0

7.7±0.7
5.9±0.3
13.7±0.9

Despite distinct pretreatments, all fibers of Indanthren Blue BC 3% were
merged, and spun to one batch of yarn to produce a baby jacket (s. Figure 29a).
The remaining fibers were processed in separate batches, which were used to
manufacture a blue scarf (b), several colored, single jersey fabrics (c), and a knit
structure of Au, AgAu, and AgNP coated fibers (d). Although a target count of
22 tex was pursed, the yarns’ titers varied from 21.2-25.3 tex due to the use of
lab-scale equipment.
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(a)

(b)

(c)

(d)

Figure 29. On the left: Baby jacket knitted from recycled Indanthren Blue BC 3% (a),
scarf manufactured from Remazol Brilliant Blue R spec. (b), and dyed post-consumer
fabrics before recycling, and fabrics made thereof after dissolution and re-spinning (c).
On the right: Fabric made from nanoparticle coated fibers, with AuNPs on the left, with
AgAuNPs on the stripe in the middle, and with AgNP in the yellow section on the right
(d). Pictures copied from Paper III and Paper IV (Haslinger et al. 2019c; Haslinger et al.
2020).

In case of Indanthren Blue BC 3%, a lower linear density (17.8 tex) was targeted to enable the knitting of a denser interlock structure. Its reduced titer
evolved into lower yarn strength (25.0 cN/tex) and increased elongation (7.6 %)
as compared to the regenerated fibers from dyed post-consumer cotton (28.831.4 cN/tex, 6.4-7.1%). The properties of the yarns with noble metal nanoparticles (20.5-26.9 tex, 6.0-8.0%) were similar to Indanthren Blue BC 3% despite
higher linear densities (20.5-22.3 tex). This deviation resulted from the utilization of different raw materials, which emerged as weaker filaments during dryjet wet spinning. In addition, also the twist influences the yarn properties. With
increased TM values, the yarn becomes stronger, while its softness declines
(Lord 2003). This could be observed for ‘Uncoated Yarn’ (TM=3.50), which
showed a significantly higher tenacity (30.9 cN/tex) than the other samples in
Paper IV (TM=3.31-3.46). In contrast, dyes and nanoparticles were assumed to
have a negligible impact on the yarn properties.

5.8. Wash and Rubbing Fastness of Dyed Fabrics and Nanoparticle
Containing Yarns
Dyes and finishes are supposed to exhibit high durability to laundering to keep
the environmental impact of textiles low, while maintaining their quality. Accordingly, the assessment of wash and rubbing fastness helps to estimate the
potential color stability of fabrics and their staining onto other garments based
on a standardized procedure (cf. EN ISO 105-C06 and EN ISO 105-X12:2016).
In general, vat dyes (Indanthrenes) and reactive dyes (Remazol and Levafix)
display good wash fastness properties. While the former are water insoluble, the
latter establish covalent bonds to cellulose. Remazol Brilliant Blue R spec attaches to the hydroxyl groups of cellulose via a nucleophilic addition reaction on
its vinyl sulphone group (Mahapatra 2016). During dyeing, this type of dye is
likely to undergo hydrolysis reactions, which can lower the final dye exhaustion.
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Yarn with AuNPs
Yarn with AgAuNPs
Yarn with AgNPs

Indanthren Blue BC 3%
Indanthren Brilliant Red FBB
Indanthren Brilliant Green FBB
Coll
Remazol Black B gran 133%
Remazol Brilliant Blue R spec
Levafix Brilliant Red E-4BA
Levafix Blue E-GRN gran
Indanthren Blue BC 3%
Indanthren Brilliant Red FBB
Indanthren Brilliant Green FBB
Coll
Remazol Black B gran 133%
Remazol Brilliant Blue R spec
Levafix Brilliant Red E-4BA
Levafix Blue E-GRN gran

Sample

5
5
5
n.a.
5

5
4-5/5R
5
n.a.
5
5
5
5

5
5
5
5
5
5

5
5
5

5

4-5

5
4-5
5
5
5
5
5

5
5
5

5
5
n.a.
5

5

5
5
5
5
5
5

Acrylic
5
5

Wool
5
5

Color
Change
5
4-5

5
5
5

5
5
n.a.
5

5

5
5
5
5
5
5

5

5
5
5

5
5
n.a.
5

5

5
5
5
5
5
5

5

5
5
5

5
5
n.a.
5

5

5
5
4-5/5
5
5
5

5

5
5
5

5
5
n.a.
5

5

5
5
5
5
5
5

5

Wash Fastness
Numerical rating for staining
Polyester Polyamide
Cotton
Cell. Acetate
5
5
5
5
5
5
5
5

3-4

1-2
3
2
3
5
4

2

Wet
2
2

5
4-5
5
4-5
n.a.
n.a.
5
4-5
Au Yield / % Ag Yield / %
76±2
93±2
62±1
78±2

4

2-3
4-5
4
5
5
4-5

3-4

Dry
4-5
4-5

Fastness to Rubbing

Table 16. Summary of the wash and rubbing fastness results obtained for dyed textile waste before and after spinning, as well as wash fastness values for Ioncell
fibers containing Au, AgAu, and AuNPs, and nanoparticle yield after laundering based on ICP-analysis. The samples were assessed according to a greyscale rating,
where 5 implies no color change, and 1 the largest observable difference. Tables merged from Papers III and IV (Haslinger et al. 2019c; Haslinger et al. 2020).

Cotton

Ioncell (from recycled cotton waste)

Ioncell
with
NPs

The same applies for Remazol Black B 133%, but the effect is less pronounced
due to the presence of a bifunctional system (Lewis 2014). In a similar manner,
the functional groups of Levafix dyes have been observed to be susceptible to
competing hydrolysis in aqueous media (Clark 2011). However, a sufficient boiloff of unreacted dyes after dyeing can reduce this phenomenon.
Therefore, all dyes tested in this thesis showed excellent wash fastness properties ranging from 4-5 on a greyscale rating (s. Table 16). In contrast, their
lower rubbing fastness could be attributed to the superficiality of the coloring
process. The largest amount of dye is usually applied on the fiber surface, where
a more facile abrasion is possible. In wet state, some dyes can also partly dissolve in water, further reducing the rubbing fastness of the fabrics.
However, dissolution and regeneration distributed the dyes more evenly along
the fiber cross section, leading to enhanced fastness properties in all aspects.
Similar results were obtained from the incorporation of noble metal nanoparticles into Ioncell fibers. Their entrapment in the polymer matrix resulted in the
preservation of NP-yield and color throughout the laundering process (s. Table
16). Overall, it is known that AuNPs tend to have a higher affinity to cellulose
than AgNPs (Tang et al. 2015b; Ilić et al. 2009). Especially in dip coating or insitu reduction approaches, substantial release of nanoparticles occurs after the
first few laundering steps. Subsequently, the leaching stabilizes and a residual
amount remains on the garment (Tang et al. 2015b; Tang et al. 2014; Tang et
al. 2013). Inevitably, this loss is accompanied by a decrease in functionality and
thus needs to be compensated for using higher starting amounts. On the contrary, the incorporation of nanoparticles minimizes leaching, of both AgNPs and
AuNPs, so that the functionalized fibers can withstand laundering without any
loss in performance.

5.9. UV Protection of Nanoparticle Containing Ioncell Fabrics
One important feature of clothing is to protect human skin from excessive exposure to potentially dangerous UV radiation (Muthu 2017). A fabric’s capability to shield UV light depends on the fiber type, garment structure, and color
employed (Louris et al. 2018). Moreover, additives such as noble metal nanoparticles or titanium oxide enable to alter its UV protection properties (Louris
et al. 2018; Tang et al. 2015a; Vigneshwaran et al. 2007; Tang et al. 2014; Zheng
et al. 2013). Among all fibers, polyester shows the lowest transmission of UV
light, whereas cotton allows more light to pass (Louris et al. 2018). With UPFs
lower than 5, most summer clothing is an insufficient barrier to sunlight (Gambichler et al. 2001). The UPF describes how many times a fabric enhances the
human’s skin ability to withstand sunlight without damage. Excellent shielding
is provided by clothing with a UPF higher than 40, whereas values between 2539 imply very good, 15-24 good, and 0-14 poor protection.
In this thesis, Ag, AgAu, and AuNP containing Ioncell fibers were knitted or
woven to fabrics and evaluated according to their transmission to UVA (290-
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315 nm) and UVB light (315-400 nm). The results are summarized in Table 17
(cf. EN 13758-1:2001 + A1).
Table 17. Summary of Ag, AgAu, and AgNP containing knits and wovens including their
cover factor (CF), T(UVA) (%), T(UVB) (%), and UPF. The table was copied from Paper
IV (Haslinger et al. 2020).
Sample
Knitted
fabric

Woven fabric4 (24
threads/cm)

Uncoated Fabric
Fabric with AuNPs
Fabric with AgAuNPs
Fabric with AgNPs
Uncoated Fabric
Fabric with AuNPs
Fabric with AgAuNPs
Fabric with AgNPs

CF3

T(UVA)

T(UVB)

UPF

3.4
3.2
3.3
3.3
19.9
18.8
19.4
19.6

/%
25.8±2.7
22.9±1.9
23.2±2.2
23.3±2.3
8.8±0.6
4.2±1.0
3.6±1.1
5.7±2.7

/%
19.6±2.6
19.8±1.9
19.9±2.2
21.3±1.7
3.7±0.4
2.1±0.7
1.8±0.6
3.5±1.1

4.9±0.7
4.9±0.5
4.9±0.5
4.6±0.4
22.5±2.1
43.2±14.6
49.6±12.4
26.8±8.2

The use of noble metal nanoparticles did not have any influence on the UV
protection properties of the knitted fabrics. As their cover factors were intrinsically low (3.2-3.4), significantly more UV light penetrated their structure than
what could be shielded by Au, AgAu and AgNPs (UPF=4.6-4.9). Similar research
on single jersey cotton fabrics reported UPF values below 15 with comparable
machinery (Louris et al. 2018). In contrast, the woven fabrics showed higher
cover factors initially (18.8-19.9), which led to a more pronounced shielding effect. Au containing wefts resulted in the highest UPF values (UPF=43.2-49.6)
absorbing UV light over the entire spectrum (T(UVA)=3.6-4.2, T(UVB)=1.82.1). The incorporation of AgNPs mainly reduced the transmission of UV light
in the UVA range (UPF=26.8, T(UVA)=5.7, T(UVB)=3.5, UPF=26.8). It is likely
that higher nanoparticle amounts could have further enhanced the UV resistance of the fabrics tested, as commercial sun protective clothing employs
more than a hundredfold of TiO2 to obtain UPF values above 50 (Roshan 2015).

5.10. Unpublished Results: Recycling of Mixed Post-Consumer
Cellulose Waste
The aim of the study below was to upcycle post-consumer cellulose-based textile waste of unknown origin and composition to new MMCFs via the Ioncell
technology. The fabrics displayed different colors such as white, grey, blue and
purple and were assumed to be manufactured either from Viscose or cotton fibers. The idea was to avoid as many unnecessary pretreatment steps as possible,
while testing different eco-friendly methods to adjust the cellulose’ degree of
polymerization. This study represented the basis for the investigations conducted in Paper III and pinpointed some major obstacles in textile recycling.
3

The cover factor was calculated as described in Horrocks & Anand (2000).
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The cellulose based textile waste was supplied by a textile recycling company
(Texaid, Switzerland). Texaid sorts textile waste according to quality. While
well-preserved garments are resold, clothing of worse condition is converted to
cleaning rags or insulation material. The waste fraction obtained for this study
had a quality below these criteria and would have been burned under other circumstances. Prior to recycling, the samples were sorted according to color and
texture, which led to five different species to be identified (i.e. 1 Viscose and 4
cotton).
As stated earlier, the optimum limiting viscosity of a cellulose substrate spun
in the Ioncell process ranges from 400-500 ml/g (Sixta et al. 2015). Virgin cotton samples usually show viscosities a fourfold beyond this range, whereas Viscose fibers commonly display viscosities around 200 ml/g. Table 18 depicts the
limiting viscosities η, mass average molar mass Mw, and PDI of the raw materials (1-5). Compared to cotton in 3 and 5 (η=1465-1729 ml/g), 1 and 4 showed
considerably low viscosities (η=805-1050 ml/g). Therefore, they were blended
with the Viscose sample 2 (η=188 ml/g) to obtain an overall viscosity of about
450 ml/g. Moreover, parts of samples 1, 3, 5 were treated with 0.2 M H2SO4 to
lower their degree of polymerization. In previous studies, we found that cotton
samples, which undergo acid hydrolysis, tend to show considerably narrow
MMDs potentially unsuitable for dry-jet wet spinning (Asaadi et al. 2015).
Standard dissolving pulp was hence added to parts of sample 3 and 5. Subsequently, all DP-adjusted samples were dissolved in [DBNH] [OAc] and spun to
staple fibers as implied in the experimental section.
The spinnability of the blended samples (1+2 and 2+4) was limited, also resulting in lower tensile strength (32.4 cN/tex) as compared to virgin pulp (50.5
cN/tex) and the substrates pretreated with H2SO4 (45.6-54.3 cN/tex) (cf. Table
18). In the case of sample 2+4, this is explained by the gel like behavior of the
spinning solution indicated by the high apparent zero shear viscosity (97 500 Pa
s) and the absence of the crossover point of storage and loss modulus close to
the spinning temperature (80°C) (Mezger 2006). These results agree with Papers II-III, where gelled solutions were accompanied by bad spinnability. In
contrast, the mixing of H2SO4 pretreated cotton (3b and 5b) with virgin dissolving pulp did not affect the spinnability significantly despite an increased PDI
(2.7-3.3), which however contributed to an improved elongation (9.2-11.0 %).
Similar to Paper III, another target of this study was to avoid bleaching before
respinning, while maintaining the original color of the samples throughout upcycling. Nonetheless, all samples leached dyestuff during dissolution and regeneration leading to a decrease in redness and an increase in yellowness. The lightness L* was altered inconclusively (s. Figure 30a).
The successfully produced fibers were ring spun and knitted to a jacquard fabric, which is presented in Figure 30b. Besides of Viscose, it could be demonstrated that the Ioncell process even allows to upcycle cellulose based post-consumer waste of unknown origin with a minor amount of chemicals employed,
still enabling the production of high-quality products. However, the stability of
the dyes was affected during dissolution and re-spinning, implying that the recyclability of garments is also a factor of the colorant (cf. Paper III).
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Raw Material
Pretreatment

no
no
no
no
no
mixing
mixing
H2SO4, 30 min
H2SO4, 15 min
H2SO4, 15 min
50:50
50:50
no

Sample

1
2
3
4
5
1+2
2+4
1b
3b
5b
3b+pulp
5b+pulp
pulp

ƞ

/ ml/g
1050
188
1465
805
1729
493
479
558
425
490
n.a.
n.a.
502

Mw
/ kDa
693.0
96.7
972.2
451.0
940.7
697.4
195.3
296.9
252.6
301.8
294.9
308.5
262.9

PDI
2.3
2.0
2.2
3.7
2.7
3.7
2.4
2.2
1.9
2.3
3.3
2.7
3.6

Dope / 80°C
ƞ0*
G’=G’’
/ Pa*s
/ Pa
24900
815
97500
29800
2399
37500
2547
24200
2897
26800
2005
26100
3558
ω
/ s-1
0.22
0.24
0.31
0.63
0.33
0.79

DR12 Fibers (cond.)
Titer
Tenacity
/ dtex
/ (cN/tex)
1.5
32.4
1.1
54.3
1.3
45.6
1.9
45.0
1.3
40.3
1.2
50.5

Elongation
/%
7.9
9.5
7.4
11.0
9.2
12.7

Table 18. Summary of the raw material properties such as limiting viscosity (ŋ) and weight average molar mass Mw, pretreatment conditions, dope parameters
including zero shear viscosity (ŋ0*) and storage and loss modulus (G’, G’’), and fiber properties.

(a)

(b)

Figure 30. (a) CIELAB data for the samples with high spinnability before and after spinning, (b) jacquard fabric knitted from the recycled fibers.
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6. Conclusions

The creation of a circular economy in textile industry represents a complex
venture, which demands adequate sorting and characterization equipment, approaches to recycle textile blends and colored waste material, and green alternatives to reduce the amount of chemicals and resources used in textile products. This thesis attempted to tackle these problematics at different stages of the
value chain to provide a sustainable pathway towards waste reduction.
A closed loop economy begins with a viable method for material identification.
In this work, it could be demonstrated that solid-state NMR reliably quantifies
cellulosics in polyester blends, if an appropriate calibration model is applied.
This knowledge offers a useful analytical toolkit for lab-scale analyses or future,
commercial at-line measurements. More importantly, the Ioncell technology
enabled, besides cardboard and wastepaper, to upcycle cotton polyester blends
and various streams of colored cotton waste. The spun fibers showed properties
superior to commercial MMCFs such as Viscose and Tencel and could reach titers down to the microfiber range. Their tensile strength was largely dependent
on the origin of the waste substrate, as post-consumer samples evolved to higher
tenacities than pretreated, pre-consumer waste. It was also found that Viscose
substrates impeded the spinning process and decreased the tensile properties.
Contrary to Remazols, Indanthren and Levafix derivatives proved to be stable
dyes, which could be translated to pristine staple fibers. This was also confirmed
by wash fastness testing and various demonstration products. Eventually, gold
and silver nanoparticles incorporated into Ioncell fibers achieved UV resistance
and coloring simultaneously, thereby reducing the overall input of chemicals
into the process chain.
Nonetheless, further optimizations are needed to transfer these approaches to
a commercial scale. Unfortunately, polyester degraded to some extent, when
treated with [DBNH] [OAc], which limits its recyclability to depolymerization
or chain extension concepts. The recycling of textile waste also demands a
steady supply chain and technologies that can distinguish between colors, quality and obsolescence. Moreover, the synthesis methods for noble metal nanoparticle restrict either their sustainability or their appearance. More ecofriendly approaches for shape control would thus promote their versatility in
textile products.
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Appendix 1

Figure A1. (a) Chemical Structure of C. I. Direct Red 14, which is water soluble and
remains on the cellulose surface due to electrostatic interactions, (b) C. I. Sulphur Black,
which is solubilized in water through a reduction reaction and subsequently precipitated
on the fiber structure by oxidation, (c) mechanism of azoic dyeing, which represents an
in-situ synthesis of dye in the cellulose matrix (Chattopadhyay 2011).
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Appendix 2

Appendix 2
T=60°C

T=60°C

(a)
T=70°C

T=70°C

(b)
T=65°

T=65°

(c)
T=80°

T=80°

(d)
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Figure A2. Mastercurves: Rheological parameters of cellulose solutions prepared from
CO PET blends (a), dyed, pretreated pre-consumer cotton (b), dyed post-consumer cotton (c), and nanoparticle coated pulps (d) at their spinning temperatures (60°C, 70°C,
65°C, and 80°C). Complex viscosity (η*) and dynamic moduli (G’, G’’) were measured
as a function of the angular frequency (ω). An asterisk (*) was added to curves that
represented average results of multiple trials. 5

Note: The curves for COPET_6.5_HOAc and Indanthren Brilliant Red FBB could not
be calculated.

5

92

DDeDepepaparartm
rtm
tm
eenentntotofofBfBiB
oioipoprpo
ro
rdoduducuctc
ststsaanandnddBBiB
oioisosysysystsetetm
emm
sss

S ii m
mo
on
ne
eH
Ha
a ss ll ii n
ng
ge
er
S
S
imo
ne
Ha
sling
e rr

Aalto-DD 73/2020
Aalto-DD 73/2020
Aalto-DD 73/2020

Towards a Closed Loop Ec
co
on
no
om
myy iin
nT
Te
ex
xttiille
e IIn
nd
du
us
sttrr yy :: S
Se
ep
pa
arra
attiio
on
n,, D
Dyye
eiin
ng
ga
an
nd
dR
Re
e--S
Sp
piin
nn
niin
ng
go
off
T
o
w
a
r
d
s
a
C
l
o
s
e
d
L
o
o
p
E
T
a
p
Coe
ew
llu
u
lro
ods
sse
eaR
RC
ic
cloh
hsT
Tee
edx
xttLiio
le
eoW
W
aEs
sctoe
enomy in Textile Industr y : Separation, Dyeing and Re-Spinning of
C
a
C
ellllu
llo
se
Riic
hT
ex
tille
Wa
stte

TTTooow
w
waaarrrdddsssaaaC
C
Cllo
loossseeedddLLLooooooppp
EEEcccooonnnooom
m
myyyiiinnnTTTeeexxxtttiiille
lee
IIInnnddduuussstttrrryyy:::S
S
Seeepppaaarrraaatttiiiooonnn,,,
D
D
DyyyeeeiiinnngggaaannndddR
R
Reee---S
S
Spppiiinnnnnniiinnngggooofff
C
C
Ceeellllu
luullo
loossseeeR
R
RiiiccchhhTTTeeexxxtttiiille
lee
W
W
Waaasssttteee
SSiSm
im
im
oononeneeHHH
aasaslsilnilnigngegererr

BBUBUSUSIS
N
IN
IENESESSSSS
++ +
EECECOCONONONOM
OMYMYY

AA
aA
lato
lato
lU
toU
nU
invinevirevsreistriystiyty
co
ho
hm
eicm
cE
lnE
nreire
ng
SS
cS
h
co
h
lo
lo
fl o
fCfC
hC
e
hm
e
ia
cila
laE
g
ng
innige
nie
nirg
nig
era
ptram
tm
etn
o
dtc
ustcsatsn
ad
nBdB
esm
DD
eD
p
ep
a
trm
e
n
etn
oto
fo
fBfB
ioB
io
pio
p
rorpo
dru
dc
u
ad
n
ioB
io
siyo
ssystsyetsm
etm
ss
to
ww
ww
w
ww
w
.aw
.a.lato
lato
.lﬁ
.ﬁ.ﬁ

AARARTRT+T++
DDEDESESIS
G
IG
INGNN
++ +
AARARCRCHCHIH
TI TE
I TECECTCTUTURUREREE
SSCSCIC
EI EINENCNCECEE
++ +
TTETECECHCHNHNONOLOLOLOG
OGYGYY
CCRCROROSOSSSSOSOVOVEVERERR
DDODOCOCTCTOTORORARALALL
DDID
SI SISSSESERERTRTAT
ATATI O
TI O
INONSNSS

Aalto University
Aalto University
Aalto University

99HHSSTTFFMMGG**aaddiihheecc++

ISIS
BIS
B
NB
N9N7
98
7
9-8
79-85
9-2
5
9-2
56-20
6--0
63-08
3-7
8
34
7
8-4
72-42-(2
p(rp(irp
nitrneitnd
et)d
e)d)
9-8
79-85
9-2
56-20
63-08
35
8-5
79-59-(9
p)fd)f)
ISIS
BIS
B
NB
N9N7
98
7
9-2
5
6--0
3-7
8
7
p(d
p(fd
19
7-94-99
44
94
3(4
e)d)
ISISISNS
N1N7
19
7
4-3
9
3
p(rp(irp
nitrneitnd
et)d
19
7-94-99
92
4(2
p)fd)f)
ISISISNS
N1N7
19
7
4-4
92
4
p(d
p(fd

2202
020
202
00

DDODOCOCTCTOTORORARALALL
DDID
SI SISSSESERERTRTAT
ATATI O
TI O
INONSNSS

