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The textile industry is ever-growing but only a few recycling options exist for waste fabrics to keep end-
of-use clothing articles within the value chain. Generally, these include fibre-to-fibre strategies for pure
textiles such as cotton or polyester. However, most textiles comprise blends of fibres which encumbers
both mechanical and chemical recycling processes. For example, the polymer elastane is added to
increase stretchability in many textiles, whereas polyurethane coatings and membranes partly make up
rain clothes, bags and artificial leather items. Here we report the selective disassembly of these two poly-
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mers into base chemicals adapting a solvolysis process with tert-amyl alcohol. We showcase the success-
ful depolymerisation of elastane recovered from the dissolution of fabric blends, and also the direct disas-
sembly of elastane containing- or PU-coated textiles with polyamide fabrics. This work opens up new
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Introduction

In 2020, the global textile production was estimated to have
reached an astonishing 109 million tons. Partially due to a
lack of good recycling methods, less than 1% of textiles are
recycled in a closed-loop and the majority ends up as waste
sent for landfilling or incineration."? Clothing production has
doubled in the last 15 years, largely due to the success of fast
fashion in which low priced textiles are produced at a rate
matching the quick turnarounds in fashion.>® The world
demand for textile fibres is therefore projected to increase sig-
nificantly reaching 140 million tons in 2030.* Polyester, a syn-
thetic fibre, constitutes 52% of the market, whereas the
natural fibre cotton covers 24%, leaving the rest to nylon,
wool, silk, viscose, elastane etc.' Chemical and physical re-
cycling initiatives for polyester have already reached commer-

“Interdisciplinary Nanoscience Center (iNANO), Aarhus University,

Gustav Wieds Vej 14, 8000 Aarhus C, Denmark. E-mail: skk@inano. au.dk

bCarbon Dioxide Activation Center (CADIAC), Interdisciplinary Nanoscience Center
(iNANO) and Department of Chemistry, Aarhus University, Gustav Wieds Vej 14,
8000 Aarhus C, Denmark

‘Department of Biological and Chemical Engineering, Aarhus University,

Aabogade 40, 8200 Aarhus N, Denmark

4Carbon Dioxide Activation Center (CADIAC), Novo Nordisk Foundation CO,
Research Center, Interdisciplinary Nanoscience Center (iNANO) and Department of
Chemistry, Aarhus University, Gustav Wieds Vej 14, 8000 Aarhus C, Denmark.
E-mail: ts@chem.au.dk

T Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3gc02994h

{These authors contributed equally.

10622 | Green Chem., 2023, 25,10622-10629

opportunities for the recycling of certain blended textiles.

cialisation, while the present recycling of cotton relies on
mechanical and physical methods.””® Regardless, only 1% of
the textiles are kept within a closed recycling loop in which
end-of-life textile fibres are converted into new textile fibres for
similar quality applications (fibre-to-fibre recycling).>* The EU
Commission recently published a new strategy stressing that
fibre-to-fibre recycling remains a major challenge and rec-
ommends increased communication on sustainability to e.g.
avoid “downcycling” of food-grade polyethylene terephthalate
(PET) bottles into polyester fibres.'*!*

Input of single component fibres for recycling offers closed-
loop possibilities but mixed fibres impede efficient processes
for recycling, and especially, recycling of mixed fibres contain-
ing elastane is problematic.>>™" Elastane (or Spandex -
anagram for expands) is a synthetic fibre displaying stretchable
properties. It is often used in composite clothing articles in
combination with polyester, cotton or nylon, providing high
elasticity and durability to the fabric.”> DuPont originally
branded the product under the name Lycra, especially for
women’s undergarment products, while U.S. Rubber named
its brand Vyrene.'>"? Although elastane is regularly added to
fabrics in quantities below 3%, this polymer is present in 20%
of all potentially recyclable textile waste fractions, a number
that is projected to increase to 30% in 2030.>*

Structurally, elastane is composed of a polyurethane-urea
block copolymer prepared from a pre-polymer of 4,4-methyl-
enediisocyanate (MDI) and a macrodiol, usually poly(tetrahydro-
furan) (polyTHF). The polymer is cured with a short diamine
chain extender, such as ethylenediamine (Scheme 1a)."*"” The
polymerisation termination is controlled by the addition of

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Synthetic route for elastane and examples of elastane removal from textiles along with this work. (a) Structural composition of elastane
based on polyurethane-urea block copolymers. (b) Previous work based on depolymerisation of PET in blended PET-elastane textiles or dissolution
methods, and this work based on selective depolymerisation of elastane to base chemicals in blended textiles using tert-amyl alcohol as a

solvolysis medium.

secondary amines such as diethylamine, which fine-tunes the
average molecular weight by the formation of a urea end
group.'®'” The majority of the polymer (80-85 wt%) is com-
posed of the flexible diol, being referred to as the soft
segment. The urea functional groups make up the hard seg-
ments and create a pseudo-cross-linked polymer through
hydrogen bonding.'® This makes elastane a flexible solid with
molecular similarities to flexible polyurethane (PU) solids.
Potential recycling methods for elastane could be inspired
by the current strive towards a circular PU economy.'®>?
Existing recycling strategies for PU, such as mechanical reuse,
have very limited applications for textile waste streams contain-
ing elastane, as considerable forces are needed to shred and
unravel such elastic materials.'*** On the other hand, chemi-
cal recycling by means of disassembly of the textile polymer to
monomers could represent a potential solution.'®**> To date,
only a few chemical recycling methods exist for PU deconstruc-
tion, including hydrolysis, aminolysis, acidolysis and
glycolysis.’** However, the scientific literature is scarce when
it comes to recycling of textile blends containing elastane,
which could be due to issues regarding chemoselectivity or
elevated reaction temperature. Nevertheless, a few strategies
have been reported. Recently, the selective depolymerisation of
a PET-elastane blended textile was revealed to be successful in
a CH,Cl,/EtOH solvent system in the presence of KOH or in a
THF/ethylene glycol (EG) solvent system with excess KOH to
afford the EG and terephthalic acid components, leaving the
elastane fibres intact (Scheme 1b, left).>*>*® Thus, the remain-

This journal is © The Royal Society of Chemistry 2023

ing elastane could in theory be melted and extruded into new
fibres if sufficient fibre quality can be preserved. Adding to
this, Wang and co-workers later provided new insights into the
alcoholysis of blended fabrics, showcasing the decomposition
of elastane in PET glycolysis and showed how initial dis-
solution strategies could afford elastane, which could be depo-
lymerised into 4,4'-methylenedianiline (4,4-MDA), polyTHF
and 2-imidazolidone by a glycolysis process.*”

Dissolution represents a more established method for sep-
arating fibre blends, where certain fibres can be selectively
solubilised by judicious choice of solvent.*®*° Elastane can
accordingly be removed from either nylon or cotton fabrics by
applying high-boiling polar amide solvents such as DMF
(Scheme 1b, right).**™** This technology represents a useful
operation for the removal of elastane from major fibre com-
ponents, which can subsequently be spun into new yarns and
reused in fabrics. However, the removal of the generally unde-
sirable DMF is energy intensive and the quality of the remain-
ing fibre is often compromised as judged by the degree of
depolymerisation and highly dependent on the choice of
solvent.*!

Our previous endeavours on depolymerisation of PU
materials revealed tert-amyl alcohol with catalytic amounts of
KOH as an efficient solvolysis medium.***> In those studies, we
demonstrated the general value of the depolymerisation process
for flexible foam-, rigid foam-, flexible solid- and rigid solid
polyurethanes. Herein, we disclose our efforts to disassemble
elastane by this process initially starting from virgin elastane,

Green Chem., 2023, 25,10622-10629 | 10623


https://doi.org/10.1039/d3gc02994h

Published on 23 November 2023. Downloaded on 4/8/2026 3:28:48 AM.

Paper

moving to elastane recovered by dissolution and finally directly
from textile blends to assess the possibility of recovering the
main textile component and isolating monomers suitable for
repolymerization of elastane (Scheme 1b, bottom). As the solvo-
lysis medium is mainly constituted by a weak nucleophile in
the form of a tertiary alcohol, it was hypothesised that the
chemoselectivity could leave functional groups of e.g. nylon and
cotton unscathed despite elevated reaction temperatures.

Results and discussion

The study was initiated by performing the solvolysis on
250 mg of pure elastane fibre of an unknown composition
using tert-amyl alcohol (5 mL) and KOH (1.9 mg) at 225 °C.
Resorting to “back-of-the-envelope’ calculations, assuming a
polyTHF content of 80-85 wt%, the theoretical yield of 4,4-
MDA from 250 mg elastane was estimated to be 28-37 mg (see
ESI-4t for full details and calculations). With a reaction time
of 2.25 h in tert-amyl alcohol and catalytic KOH, a GC yield of
18.9 mg of 4,4-MDA was achieved, meaning that full depoly-
merisation was not achieved (Scheme 2a). Extension of the
reaction time to 4.5 h resulted in increased formation of 4,4'-
MDA and polyTHF with isolated yields of 33.3 mg and 186 mg,

tert-amyl alcohol (5 mL)

. HO\.,OH
P H,N NH,

KOH (0.76 wt%)

View Article Online
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respectively, as an average of two separate reactions, giving an
overall mass recovery of 86 wt%. It was noted that the reaction
mixture contained small amounts of precipitate possibly orig-
inating from the presence of an anti-sticking agent (potentially
magnesium stearate) on the elastane filament, which was not
investigated further.*® Neither the diamine chain extender nor
the terminating secondary amine was isolated due to the low
boiling point (b.p.) of the suspected ethylenediamine (b.
p. 117 °C) and diethylamine (b.p. 56 °C).*”*® It is likely that
this result represents a full depolymerisation as prolonged
reaction times did not increase the yield further.

Next, dissolution of elastane from pieces cut from black
nylon tights (73% PA, 27% elastane) obtained at a local shop
was performed.*™® From 5.10 g of the tights, 61 wt% of polya-
mide leftover fabric and 33 wt% of elastane extract were recov-
ered (Scheme 2b). FTIR analysis suggested that the elastane
had been effectively removed from the polyamide matrix (see
ESI-91 for full details). The elastane extract from the dis-
solution was subjected to solvolysis using tert-amyl alcohol
and a catalytic amount of base (Scheme 2c). After purification,
the amine and polyTHF were isolated giving a total mass recov-
ery of 84 wt%. Hence, elastane extracted from a polyamide
matrix has been successfully depolymerised using solvolysis to
afford its base chemicals. This result offers an opportunity for

225°C
4,4'-MDA PolyTHF
Elastane Fibres 2.25 hours 18.9 mg -

250 mg 4.5 hours 33.3mg 186 mg
’ DMF (100 mL)
70 °C, 4 days

then filtration, *
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27% Elastane, 73% Nylon
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Scheme 2 Solvolysis of elastane fibres and nylon tights. (a) Solvolysis of elastane fibres. Reactions were performed in 45 mL autoclaves fitted with a
30 mL PTFE inlay at 800 rpm under air. GC-FID yield determined using 1,3,5-trimethylbenzene as an internal standard and reported as averages of
two parallel reactions. (b) Dissolution of nylon tights to obtain the elastane extract and leftover fabric. (c) Solvolysis of the elastane extract. Reported
yields for elastane depolymerisation are isolated yields from column chromatography as an average of two parallel reactions.
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recycling elastane obtained from dissolution which is too
damaged to be remoulded directly.

To avoid the need for isolation of elastane from a mixed
fabric containing both nylon and elastane, the solvolysis meth-
odology was applied directly on black nylon tights (Scheme 3a,
top). Here, the solvolysis process afforded 4,4-MDA, polyTHF
and a leftover fabric with an overall 96% mass recovery. The
fabric was investigated via FTIR and the combined trans-
mission spectra of the nylon tights (black) and leftover fabric
(blue) were analysed (Scheme 3a, bottom). The polyamide is
characterised by N-H stretch at 3298 cm™!, C-H stretch at
2940 cm™* and 2855 cm™', C=O0 stretch at 1632 cm™*, N-H
stretch at 1533 cm™', C-N stretch at 1274 cm™* and C-C
stretch at 933 cm™'. Furthermore, elastane is characterised by
C-H stretch at 2940 cm™, 2855 cm™" and 2799 cm™!, C=0
stretch at 1730 cm™" and 1708 cm™, C-O stretch at 1221 cm ™
and C-O-C stretch at 1104 cm™". A mixture of nylon and elas-
tane is found in the nylon tights, where only nylon is present
in the leftover fabric. Hence, the polyamide remained unal-
tered, while the elastane fibres in the clothing material were
depolymerised, and the elastane building blocks were isolated
from the polyamide nylon tights.

The solvolysis process was further tested on two whole pairs
of nylon tights (Beige) with a total weight of 33.1 g placed into
a 390 mL autoclave (Scheme 4b, top). The stirring bar was
omitted as the large fabric size would prevent efficient mag-
netic stirring. Using 0.19 wt% of KOH in 165 mL of tert-amyl
alcohol, the leftover fabric was isolated by filtration and dried
in vacuo providing 75 wt% recovered fabric. Here it is worth
mentioning that the fabric closest to the bottom of the reactor
had several spots of discolouring from overheating, likely due
to the lack of stirring and contact of the fabric with the surface
of the autoclave. By acid-base extractions, 4,4'-MDA (873 mg)
and polyTHF (6.85 g) were separated summing up to a mass
recovery of 23 wt% for the elastane components and a com-
bined 98 wt% recovered material. The FTIR spectra of the nylon
tights (Beige) before and after solvolysis were similar to those
presented in Scheme 3a (see ESI-7} for full details). Differential
scanning calorimetry (DSC) (Scheme 4b, bottom) indicates a
crystalline peak for pure elastane at 20 °C. The nylon tights
(untreated) show both a crystalline peak for elastane at 20 °C
and a broad crystalline phase for the polyamide at 225 °C.
Finally, the leftover fabric (treated) has no sign of elastane and
the polyamide is capable of forming a crystalline phase at
255 °C. This indicates the successful removal of elastane and
the polyamide fibre is intact without signs of degradation or
contamination as the crystalline phase is uniform and narrow.

Next, fabrics mainly composed of cotton, viscose and poly-
ester, were tested. The textiles were cut into squares and tested
under the solvolysis conditions without any pretreatment. FTIR
spectra of the fabrics were recorded before and after the reac-
tion, but it was not possible to firmly conclude on the presence
or removal of elastane due to larger overlapping signals (see
ESI-10-12F for full details). Starting with organic cotton
reported to contain 8 wt% elastane, it was possible to isolate
68.5 mg of polyTHF and discoloured pieces of leftover fabric

This journal is © The Royal Society of Chemistry 2023
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(Scheme 4a, top). The diamine 4,4-MDA was detected in trace
amounts by "H NMR analysis of the concentrated reaction
mixture but the minute quantities were not isolated. For
viscose, a cellulosic material containing 9% of elastane, 4,4
MDA could not be detected, although 84.1 mg of polyTHF were
isolated. Here, most of the discoloured leftover solids were phys-
ically fragmented into smaller pieces after solvolysis
(Scheme 4a, middle). Next, a satin fabric composed of 86 wt%
polyester and 14 wt% elastane was deconstructed into 4,4'-MDA,
polyTHF and a polyester residue isolated as a powder
(Scheme 4a, bottom). Soluble oligomers of polyester compli-
cated the isolation of 4,4-MDA and polyTHF, suggesting a lack
of chemoselectivity as polyester was partially depolymerised
during the solvolysis. To test this hypothesis, a sample of virgin
polyester fibre was subjected to the solvolysis conditions
affording 5.5 mg (2 wt%) of soluble polyester oligomers (see
ESI-137 for full details). Thus, polyester degrades or partly solu-
bilises under the standard solvolysis conditions leading to pow-
dered polyester and soluble oligomers. As such, this showcases
the lack of chemoselectivity for the solvolysis process when both
carbamates and urea in elastane and esters in PET are present.
From these findings, we can hypothesise that the high tempera-
ture applied in the solvolysis process may be detrimental to the
structural integrity of viscose fibres and in particular polyester
terephthalate. While the recovered cotton fabric appeared
slightly weakened and brittle, the recovered PA66 from the
tights qualitatively retained the properties of the clothing fabric.

With the finding that elastane could be removed directly
from certain textiles, our attention moved to PU-coated textiles
to explore if the solvolysis protocol could also depolymerise
these PUs and offer useful remaining matrices. First, a sample
of PU leather was tested. The base layer of the PU leather
(rough side) was found to be polyester as deduced by FTIR ana-
lysis (see ESI-14f for full details). Although the synthetic
leather is marketed as “100% PU,” this only applies to the
smooth side of the fabric, while the rough side, at least for
this sample, is based on polyester. After solvolysis, 4,4-MDA
could be precipitated by the addition of HCI from the crude
mixture, and the polyol was thereby co-isolated with polyester
oligomers (Scheme 4b, top). FTIR analysis revealed that elas-
tane was not present in the leftover solids, and we speculate
that the remaining black powder was a mixture of polyester
and carbon black (see ESI-147 for full details).

Next, a pair of work gloves (brand name: HyFlex, PU coated
polyamide) were acquired, and the thumb from one glove was
subjected to the solvolysis conditions (Scheme 4b, middle).
The leftover solid constituted a melted grey lump pointing to
PA6 (m.p. = 218 °C). Following remelting to release the trapped
solvent, FTIR analysis confirmed the removal of PU, while
characteristic amide peaks were preserved (see ESI-157 for full
details). The HCl-salt of 4,4'-MDA was isolated by precipitation
in an average of 71.7 mg from two experiments. Besides the
polyester polyol, the filtrate contained some silicone oil, poten-
tially used as a surfactant during manufacturing. Nonetheless,
a combined 91 wt% was recovered. Finally, a white waterproof
workwear jacket (brand name: Flexothane Kleen, PU coated

Green Chem., 2023, 25,10622-10629 | 10625
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Scheme 3 Solvolysis of nylon-elastane fabrics. (a) Solvolysis of nylon tights along with FTIR of nylon tights (black) and leftover fabric (blue).
Reactions were performed in a 45 mL autoclave fitted with a 30 mL PTFE inlay at 800 rpm under air. Reported yields for elastane deconstruction are
isolated yields from column chromatography as an average of two parallel reactions. (b) Scale-up solvolysis of nylon tights (Beige) along with differ-
ential scanning calorimetry of elastane, the untreated nylon tights and the treated leftover fabric. Reaction was performed in a 390 mL autoclave
without stirring under air. Reported yields for elastane deconstruction are isolated yields from column chromatography.

polyamide) was acquired and from the hood, samples were leftover solid was isolated as a grey crisp disc, which was iso-
taken and applied to the solvolysis process (Scheme 4b, lated from the bottom of the reactor (see ESI-161 for full
bottom). Here, the polyamide again appeared to be PA6 as the details). The 4,4-MDA-salt and polyester polyol were recovered
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Scheme 4 Solvolysis of elastane from mixed fabrics and PU coated fabrics. (a) Solvolysis of elastane from mixed fabrics. Reactions were performed
in 45 mL autoclaves fitted with a 30 mL PTFE inlay at 800 rpm under air. Reported yields from elastane deconstruction are isolated yields from
column chromatography as an average of two parallel reactions. (b) Solvolysis of elastane from PU coated fabrics. Reported yields from elastane
deconstruction are isolated yields after separation by the addition of HCL (3M, CPME) and given as an average of two parallel reactions.

totalling a combined mass recovery of 98%. These results
suggest that the tested method is applicable to PU leathers
and PU coated fabrics, although the presence of polyester com-
plicates purification. For nylon-based materials however, sep-

This journal is © The Royal Society of Chemistry 2023

aration was straightforward and depending on the quality, the
nylon may be respun to new fibres. To the best of our knowl-
edge, no dissolution technique has been developed for any of
these types of materials with the aim of recycling.
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Conclusion

In summary, we have reported an approach for the selective
depolymerisation of elastane and PU-coating in certain
blended fabrics. Solvolysis with tert-amyl alcohol directly on
the elastane-containing or PU-coated textile proved successful
for polyamide textiles, while the chemical technology showed
potential for other polymers such as cotton and viscose, but
further optimization is needed to increase the selectivity of the
disassembly process. Additionally, this solvolysis process rep-
resents an efficient option for the two-step process involving
dissolution for fibre separation followed by chemical depoly-
merisation of elastane and can find use in the case where the
quality of the elastane isolated from dissolution is low. As
such, this work opens up the possibility of applying solvolysis
for the removal and depolymerisation of elastane from fabrics
for potential repolymerisation and use in new elastane fibres.
Both material streams open up for the possibility of fibre-to-
fibre recycling which in conjunction with other innovative
methods might lower the degree of dependency on fossil fuels
as a starting point for new fabric production as waste fractions
can re-enter the value streams. Nonetheless, more data are
needed to assess if the solvolysis process using tert-amyl
alcohol and a catalytic amount of KOH is viable on scale, in
particular with respect to energy consumption.
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