





2.2 early developments in the
Blend Re:wind process

The first experiments on separation of polyester and cotton, published in the Master
Thesis of Anna Peterson[29], tried the fundamental idea of using alkaline hydrolysis
aided by a phase transfer catalyst (PTC) on 50:50 polycotton sheets in order to fully
depolymerize polyester and obtain separated pure fractions of polyester monomers

and cotton. To optimize the yield of the reaction the reaction parameters NaOH

concentration, PTC concentration, temperature and time, were varied according to Tablel.

The polyester reaction products from the separation are the polyester monomers TPA and
EG, which was confirmed by ATR FT-IR and NMR spectroscopy. The crystalline structure of
the cotton residue was analyzed using ATR FT-IR spectroscopy, revealing that no changes
in the crystalline structure was observed except under the most harsh conditions, with
temperatures above 80 °C and more than 10 wt% NaOH. A change in the crystalline
pattern of cellulose might be of importance for the subsequent steps of recycling into
regenerated fibers, and is thus of value to investigate.

The results of the Master thesis was further investigated and verified in the PhD work

of Anna Palme, and published in the scientific paper Development of an efficient route
for combined recycling of PET and cotton from mixed fabrics[31]. In particular, a more
thoroughly examination of the correlation between the degradation rate of PET, the
catalyst and the NaOH concentration was performed, as well as studies on the cotton
changes. In the paper, it was concluded that PET can be completely hydrolyzed within 40
min in 10% NaOH at 90 °C with the addition of 52 mmol BTBAC/kg hydrolysis solution,
and it can be recovered as pure TPA.

Increasing the temperature, NaOH concentration, and BTBAC concentration increase the
reaction rate. Hydrolysis without BTBAC also yields pure streams; however, longer reaction
times are required, and thus, the cotton yield will be lower. It was also clearly shown

that the temperature highly effects the cotton degradation both on yield loss and on

the decrease in DP. However, results from the milder treatments show that complete PET
removal can be achieved without any severe degradation of the cellulose, or conversion of
the crystallinity pattern of the cellulose.

Table 1 reaction parameters of alkaline hydrolysis of polycotton sheets

reaction parameter range

CONCENTRATION NaOH 1.5-15 wt%

CONCENTRATION PTC 0.005-1 mol /mol repeating unit PET

TEMPERATURE 80-90°C

TIME 15-240 min
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Figure 4 micrographs of the woven structure of new polycotton sheets (a) old polycotton sheets (b) and the pure
cotton residue after separation of PET (c).
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2.3 later improvements of the
Blend Re:wind process

The findings in the early development of the Blend Re:wind separation process,
elucidated the need of improvements of the process. Besides up-scaling of the process
and experiments with more complicated textile samples, the quality control of the
cotton residue was further studied, and the following regeneration of the separated
cotton residue into filaments and fibers to prove the recycling concept performed. The
experiment were now mainly conducted on sheets which had been used and laundered
many times and were ready for incineration, whereas the early investigations were
performed on new sheets. In addition, the ratio of polyester and cotton after cycles of use
and laundry was investigated, as well as the impact of material fineness in experiments
without the catalyst. Some of the later improvements of Blend Re:wind are not yet
published, but the published work, particular the work of Master student Stina Bjérquist,
published in her thesis Separation for regeneration - Chemical recycling of cotton and
polyester textiles[12] is summarized below.

The study on the fiber ratio showed that the polyester ratio in old textiles increased
slightly after repeated use and industrial laundering. Nevertheless, it may be
concluded that worn-out polycotton textiles from the service sector still contain a
large proportion of cotton that could be recycled into regenerated fibers. On average,
the cotton ratio decreased to 44% after 50 launderings, compared to the originally
content of 50% cotton.

Furthermore, the polycotton material fineness (i.e. using ground, shredded or cut
materials) was studied in the process (Figure 5). The separation process was performed
on new sheets with a low material concentration in the reaction mixture (1 wt%). From
these experiments it was concluded that the polyester could be fully depolymerized
without a catalyst at 90°C using 10% sodium hydroxide concentration after a process
time of 390 min, regardless material fineness. The cotton yield was above 96% for all
of the experiments. However, as mentioned above, the reaction time for complete
depolymerization using the same conditions but also the catalyst was only 40 min. It is
important to keep in mind that the time to reach full depolymerization is dependent on

Figure 5 ground, shredded and cut material fineness of polycotton sheets.
Picture by Stina Bjérquist.
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the process set up and mainly serves as a comparison between different conditions.

The process was then further evaluated using worn-out sheets, laundered around 50
times, with higher material concentrations (1 wt%, 3 wt% and 5 wt% of cut material in
the reaction mixture). Higher material concentrations are needed in the up-scaling work
to improve the environmental profile of the reaction. It was concluded that the lowest
concentration led to full depolymerization of the polyester, but that even higher material
concentrations are promising as well. However, to ensure a pure cotton residue of high
yield, more efficient mass transfer conditions must be used as well as an optimized
washing procedure to treat the cotton fiber residue after the process.

2.4 dissolution and spinning
experiments

During the development of Blend Re:wind it was shown that the DP, and thus the related
intrinsic viscosity, of the separated cotton residue was at a level that would make it
suitable for viscose or lyocell production, still after long term use and the separation
process. As the reaction conditions of Blend Re:wind are similar to the conditions of
viscose production, conversion of the cotton residue into viscose was chosen to investigate
the complete recycling concept of the polycotton material - from polycotton sheets to
pure monomers of PET and a viscose filament of cotton.

1. sample preparation
2. mercerization
3. pressing and shredding
4. pre-ageing
5. xanthation
6. dissolving
7. ripening and filtration

8. analyses and spinning

Figure 6 overview of the major steps of the viscose process.

17



'the filaments obtained from the cotton
residue proved to have the same strength as
filaments obtained from regular dissolving

pulp on the same equipment'

precipitation of terephtalic acid in the process
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Image: Stina Bjorquist

The viscose experiments were performed together with MoRe Research Ornské&ldsvik

AB, who owns a viscose micro pilot in Ornsksldsvik, Sweden. The micro pilot includes

the complete viscose process from mercerization to viscose dope, with the possibility

to collect cellulose samples after each step for analysis. The viscose dope can then be
regenerated into viscose fibers using the on-site spin pilot (owned by RISE Processum AB),
dimensioned for 200-250 ml of viscose solution, where different spinning baths can be
used as well as different stretching conditions.

Firstly, an ageing study (Figure 6, step 1-4) was performed to determine the efforts
needed to obtain the desired intrinsic viscosity, of the input cotton residue, for the
following steps in the viscose process. When the right conditions were found a complete
aging of the whole cotton residue was performed, followed by xanthation and dissolution
of the cotton into a viscose solution. During these steps the following analyses were
performed on the cotton material: Cellulose content in alkali cellulose, Alkali content in
alkali cellulose, Cellulose concentration in viscose solution, Alkali concentration in viscose
solution, Ball fall (oc viscosity), y-number (oc degree of substitution), Filter clogging value
(Kr), Ripening Index (on viscose solution prior to spinning), Metal analysis, Reactivity of
the cotton residue towards xanthation (Fock).

Based on the properties obtained by the analyses, the suitability of the cotton material
for the viscose process and the potential of the later produced filaments could be
determined. As the cotton material showed promising properties, the obtained viscose
solution from the cotton was spun into filaments, on which fiber properties (titer,
elongation, tenacity) were measured.

The results from the viscose trials were promising; the filaments obtained from the cotton
residue proved to have the same strength as filaments obtained from regular dissolving
pulp on the same equipment (Figure 7). However, as the intention of Blend Re:wind is

to integrate as much as possible of the separation into existing industries, also blending
of the separated cotton residue with commercial dissolving were performed. These
experiments again proved the importance of understanding the full properties of the
materials, in order to create an interacting blend for the viscose process. The detailed
results from the viscose experiments are confidential and only accessible for involved
process and business developers.
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Figure 7 viscose filaments obtained from the Blend Re:wind cotton pulp

2.5 life cycle assessment of the
Blend Re:wind approach

As mentioned in the section of later improvements of Blend Re:wind, higher material
concentrations are needed in the process development to improve the environmental
profile of the reaction. To early identify the environmental potential of the Blend Re:wind
process, a prospective LCA was performed on the envisioned system. A preliminary LCA
is however associated with certain limitations as data largely represents smaller pilot

or bench scale conditions, which means that energy and chemical use has not yet been
optimized.

Despite this, LCA was still introduced and utilized as guidance in the process development
(rather than a later certification), to early indicate parts of the system that appeared

to dominate, parts that seemed to be negligible, parts that were particularly uncertain,
or to tell the environmental consequences of different actions or changes in the process.
The full LCA report is confidential, but an extended summary entitled LCA on a potential
future recycling system for polyester[32] is available.
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Three product streams from the process; viscose fibres, terephtalic acid and ethylene glycol.

Image: Hans Theliander

'In the future development of the Blend Re:wind
process, a further scale up of the process
together with optimization of the conditions
are in focus.

The security of output qualities is particular
important, as the output should be attractive
for the industries converting them into valuable
end products, such as new textile fibers.'
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3. concluding remarks and future
guidelines

The main published results that can be concluded from the Blend Re:wind project
development are that a large decrease in the degree of polymerization (DP) of cotton
was observed after laundering and use, and also that the swelling of cotton is less than
for regular dissolving pulp. These are both important parameters to take account of in
the development of a cotton recycling system based on regeneration into man-made
cellulosic fibers, such as viscose or lyocell fibers.

Furthermore, the fundamental idea of using alkaline hydrolysis aided by a phase transfer
catalyst (PTC) on 50:50 polycotton sheets in order to fully depolymerize polyester

and obtain separated pure fractions of polyester monomers and cotton proved to be
successful. Full separation was possible at 40 min in 10% NaOH at 90 °C with the addition
of PTC. Without the catalyst, the separation was still successful but after a process time
of 390 min at 90°C using 10% sodium hydroxide concentration.

The fineness of the input 50:50 polycotton material was not critical in the current process
set up. Cut samples resulted in the same separation results as ground or shredded
samples. The ratio of polyester and cotton does not change much during use and
laundering, cotton might decrease slightly but the amounts are still relevant for recycling.

A higher wt% of the polycotton material is possible in the reaction; however the mass
transfer and work up procedures need to be improved. Higher material concentrations are
needed in the process development to reduce the environmental impact of the reaction.
In the future development of the Blend Re:wind process, a further scale up of the
process together with optimization of the conditions are in focus. The security of output
qualities is particular important, as the output should be attractive for the industries
converting them into valuable end products, such as new textile fibers. Besides, the future
development has to guarantee that five main challenges of textile recycling, according to
us, are achieved:

1. To control and characterize the textile input

2. To fully separate the blended textile material

3. To restore lost fiber qualities

4. To remove and purify dyes and additives, and handle the obtained waste stream

5. To ensure full sustainability (social, environmental and economic) of the process/es
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An important part of Mistra Future Fashion is to provide knowledge on necessary
operations to enable and facilitate sustainable actions within sustainable fashion and
textiles. To promote circular recycling of textile fibers, specifically polycotton blends, the
below learnings and guidance can be extruded from the Blend Re:wind development.

One important lesson from the project is how important the fundamental characteristics
of the input materials of a chemical recycling process are, together with rigid analyses
during the process to understand and control material properties. In particular cotton, a
natural polymer with an advance structure not possible to recreate in vitro.

Another good lesson is the benefit of utilizing the incredible competence present in

the industry, and within related research areas (such as recycling of other materials),
which has accelerated and given substance to the work of Blend Re:wind. Such existing
competence can also be utilized to accelerate the success of the fifth challenge above.
By utilizing knowledge from adjacent commercial products and their sustainability
assessments, the overall sustainability of a new recycling process can be better
understood and improved faster.

The regeneration of used cotton fibers into viscose or lyocell can for example be
performed using very similar process conditions as for virgin cellulose fibers. However, the
challenges 1-4 above figure 6, all related to the vast heterogeneity of textiles, elucidate
the complexity of textile recycling; as existing processes producing textile fibers from
virgin feedstocks are based on rather homogenous inputs, the recycling processes need
to be more advanced and tolerant. To create such processes, but not at the expense of
sustainability, will be a major puzzle also in the further development of Blend Re:wind.

Some other valuable points for future guidance to facilitate textile recycling could be
given from the LCA work related to the project. LCA is today often used rather late

in process development. However, if it is used as a continuous tool to early identify
environmental soil pits and guide process development, costly changes later on could

be avoided. It is also important to understand that new chemical processes will not
alone solve the end-of-life issues with textile waste, and that upstream actions and
changed mind-sets are critical as well. An open dialogue between textile design and
materials science should be conducted as these two are connected in a circular economy
by both working with the actual textile materials with their hands, but from different
perspectives[33].

Actions within the supply chain is also if great importance, in particular to increase
transparency (including for example a better control of chemical and fiber contents)
[2], which would accelerate recycling technologies. Also innovative business models[34]
and better policy measures with potential to have large positive impacts on fiber-
to-fiber recycling as well as overall recycling of textiles, such as a mandatory EPR or

a RVP system[35], would be important contributions. Improved transparency is also
required towards users[36], who need to be well informed on recycling development and
possibilities to avoid misunderstandings and boost positive and scientifically motivated
state-of-the-art actions towards a sustainable fashion and textile industry.
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