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Highlights

•• First combination of two different non-hazardous recycling 
methods

•• Accelerated wool removal by application of a proteolytic 
enzyme formulation

•• Recovery of pure PET fibres after full separation of elastane
•• Successful field test with the novel enzyme formulation

Introduction

Textiles represent an essential product group that the growing 
population needs every day. Therefore, fibre production was ris-
ing from 34 Mio t in 1975 to 113 Mio t by 2021 and is expected 
to grow further to 149 Mio t by 2030 (Textile Exchange, 2022). 
Compared to other waste streams, such as packaging, the man-
agement of textiles is still underdeveloped. In the European 
Union (EU), 78% of textile waste, in total 12.6 Mio t by 2019, 
was disposed together with residual waste and thus thermally 
recovered or landfilled. Even the 22% of textiles collected sepa-
rately are only partially reused or recycled in the EU, with a large 
proportion going for export (EC, 2022) into low-income coun-
tries (Boschmeier et  al., 2024). Next to the loss of potential 

secondary raw material, such exported waste stream is frequently 
not sustainably handled due to lower environmental standards in 
waste management (Poon et al., 2024). Due to upcoming legal 
requirements for EU member states in the next years, such as 
mandatory separate collection of textile waste (EC, 2018), an 
extended producer responsibility (EPR) system (EC, 2023) and 
incentives on more sustainable, repairable and circular products 
(EC, 2024), reuse and in particular recycling systems must be 
massively enhanced. The textile and waste management sector 
are therefore urgently seeking for recycling solutions for textile 
waste. However, textile waste recycling is rather complex due to 
the multi-material compositions, accessories (buttons, zippers) 
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and post-consumer feedstock condition (Boschmeier et  al., 
2024). Furthermore, due to the long production chain, there are 
different entry points into the textile recycling processing chain 
for closing the loop. In particular, it is possible to feedback mate-
rial on the fibre, polymer or monomer level (Ipsmiller and Bartl, 
2022). It is common practice to produce textiles containing dif-
ferent kind of fibre materials. Blending natural fibres (e.g. wool) 
with synthetic fibres such as polyethylene terephthalate (PET) or 
elastane (EL) results in beneficial properties whilst keeping pro-
duction costs at a minimum (Lebedytė and Sun, 2022).

Wool fibres in textiles improve wear comfort and insulative 
properties as well as ameliorated odour-resistance (Wiedemann 
et al., 2020) and are animal-based fibres mainly retrieved from 
sheep. Approximately 95–98% of wool is attributed to the main 
component keratin, a protein fibre also found in human hair that 
characteristically exhibits a coiled-coil structure. This structure 
consists of strong oriented cortical cells that contain the keratin, 
a protein consisting of different amino acids that are bonded 
together by disulphide bridges (Giteru et al., 2023). In 2021, the 
wool production was 1.0 Mio t, which is just 0.92% of the total 
fibre production (Textile Exchange, 2022). Today, open-loop and 
closed-loop recycling processes are available for wool on an 
industrial scale, where for closed-loop cycles the wool content 
should preferably be above 80% (Russell et  al., 2016). 
Importantly, wool tends to felt, especially in machine washing 
(El-Sayed, 2022) which can be difficult for existing wool recy-
cling lines (Bianco et  al., 2022; Testa et  al., 2017). By adding 
PET fibres to textiles, the shrinking resistance and water repel-
lence amongst other properties can be improved (Deopura et al., 
2008), but most critical, material costs are lowered. Compared to 
wool fibres, PET fibres are much cheaper procurable on the 
highly competitive textile brand market (Boschmeier et al., 2024) 
and by far the most important fibre, contributing to 64% of global 
fibre production in 2021, with a production volume of 60.5 Mio t 
(Textile Exchange, 2022).

EL fibres, based on a segmented polyurethane (Boschmeier 
et al., 2023a), are usually incorporated in textiles in low amounts 
and enhance the textiles stretchability. Despite the low produc-
tion quantities of elastane, 1.2 Mio t in 2021 (Textile Exchange, 
2022), this highly elastic fibre is present in many textiles due to 
its beneficial properties. Even if apparel containing elastane 
exhibits superior wear-comfort, the presence of elastane signifi-
cantly hinders any recycling process of blended textiles 
(Boschmeier et al., 2023b). A mandatory first step in textile recy-
cling is the separation of multi-material fabrics to obtain only 
pure components for revalorization.

One promising separation technique is the approach of using 
enzyme cocktails to remove natural fibres. In the case of wool, 
like in nature, enzymes can degrade the protein fibres under mild 
processing conditions into their monomers, amino acids, whereas 
other components of blended textiles such as PET fibres remain 
intact. A wool hydrolysate enriched with different amino acids is 
obtained that can be applied in industry applications like ferti-
lizer production (Fang et al., 2013; Li, 2022) and additive in cos-
metic products (Mokrejs et al., 2011; Villa et al., 2013). Enzymatic 

approaches for recycling of textiles containing wool fibres have 
been previously studied (Eslahi et al., 2013; Navone et al., 2020; 
Quartinello et al., 2018). However, additionally removal of elas-
tane was not considered so far.

This paper presents the first combination of a chemo-enzy-
matic recycling process for wool/PET/EL textile blends. In prin-
ciple, two ways for separation of these blends would be possible. 
On the one hand, PET could first be dissolved by chemical (Lang 
et al., 2023), biochemical (Sonnendecker et al., 2022; Tournier 
et al., 2020) or synergistic chemical/enzymatic approach meth-
ods (Quartinello et al., 2017) and on the other hand, one could 
first remove the wool share. In both cases, a blend of two fibres 
will be obtained, which requires subsequent removal of elastane. 
In this work, the wool was separated by enzymatic hydrolysis in 
a first step since recycling of wool fibres is rather difficult due to 
their damage during use. Fibre length, a crucial parameter for 
textile quality, is reduced already during the use-phase of textiles 
(Aronsson and Persson, 2020) as well as during the tearing pro-
cess itself (Lindström et al., 2020). On the other hand, it is known 
from literature that EL can be separated from blends with PET 
and PA (polyamide) (Boschmeier et al., 2023b), but there is no 
information available on how to remove EL from blends with 
wool. Another advantage of PET over wool fibre recycling is that 
the recovered PET can be used for a new fibre drawing process 
(Gritsch et al., 2023; Piribauer et al., 2021).

Materials and methods

Textile waste samples

A beige-coloured pre-consumer textile waste sample supplied by a 
Belgian fashion brand with the labelled composition of 53% PET, 
44% wool and 3% elastane (wool/PET/EL) was the test substrate 
for enzyme investigations. The best-performing enzyme was tested 
then on five pre-sorted wool/PET post-consumer textile waste 
samples, which come from a textile waste sorting organization. 
These grey and black coloured samples contained unknown shares 
of wool and PET. The composition was retrieved from the mass 
difference before and after enzymatic treatment. PET reference 
fabric was procured from Komolka KG (Vienna, Austria). All sam-
ples were used as delivered without any pre-washing.

Enzymes, characterization and treatment 
of wool fibres

From previous literature (Eslahi et  al., 2013; Quartinello et  al., 
2018) the well-known enzyme formulation for the selective 
hydrolysis of wool fibres Savinase 12T® (Savinase) was used. 
Next to that, two novel enzyme cocktails namely NS 59161 
(enzyme A, density 1.16 g mL−1) and NS 29083 (enzyme B,  
density 1.08 g mL−1) were kindly provided by Novozymes 
(Copenhagen, Denmark). Both are new developed commercially 
available enzymes and are tested in this work on their perfor-
mance in wool fibre degradation. All enzyme formulations were 
used as delivered and can be described as subtilisin proteases with 
optimal reaction conditions in alkaline conditions.
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Enzyme activity determination was carried out using an 
Azocasein-assay protocol by a serial dilution of different sub-
strate concentrations (1:1, 0.08–20 g L−1). In this protease activity 
assay, 75 µL of enzyme was added to 125 µL of Azocasein solu-
tion. After 30 minutes of incubation at 37°C, 600 µL of trichloro-
acetic acid (10%; Sigma Aldrich, Vienna, Austria) was added to 
terminate the reaction. Pure buffer without the enzyme was used 
for the blank determination. The samples were incubated for 
15 minutes at 25°C and centrifuged at 13,000 rpm. Subsequently, 
600 µL of the supernatant was mixed with 700 µL of 1 M sodium 
hydroxide solution. Absorption was measured at 440 nm using a 
Spark® spectrophotometer (TECAN, Männedorf, Switzerland)  
in triplicates.

Prior to the enzymatic treatment, the wool/PET/EL samples 
were cut into approximately 6 × 6 mm pieces. In order to have 
identical experimental conditions, the cut-outs were pre-dried at 
60°C for 12 hours. For yield determination during the enzymatic 
treatment, 3 g of the textile sample were incubated at 50°C in 
100 mL 50 mM TRIS–HCl buffer pH 9 in presence of 6 g L−1 
sodium bisulphite (Sigma Aldrich) and 1 g L−1 sodium dodecyl 
sulphate (SDS; Sigma Aldrich) for 48 hours using 2.5 vol.-% of 
enzyme A and B. The reaction was stopped by adding 2.5 mL of 
pure methanol and the keratin hydrolysate was stored at 4°C. The 
treated samples were washed in 100 mL mQ-H2O and dried at 
60°C for 12 hours. Experiments were conducted in duplicates. 
For yield determination and kinetic studies of the enzymes A and 
B, samples were taken after different treatment duration: 1–8, 12 
and 48 hours.

The mass yields were calculated using the quotient of the 
mass difference of the untreated (m2) and treated (m1) fabrics 
while including the share of wool present in the garment (factor 
f) according to equation (1):

	 mass yield %
*

*� � � �m m

f m
2 1

2

100 	 (1)

The removal of woollen fibrous residues to guarantee fabrics 
purity was achieved through extensive studies on post-treatment 
methods. The following solvents were used for the removal of the 
fibrous leftovers: ethanol, dimethyl sulphoxide (DMSO) and 
water (see Supplemental Table S1).

For larger scale wool removal of post-consumer textile waste, 
an incubator with a reaction volume of 4 L was used and the rea-
gent ratios were maintained as following: 2.5 vol.-% enzyme, 
1 wt.-% SDS and 6 wt.-% sodium bisulphite. Two hundred grams 
of sample were treated for 48 hours and later washed in 100 mL 
mQ-H2O.

Ninhydrin assay and Folin–Ciocalteu 
assay

The concentration of soluble amine groups in the wool hydro-
lysate released by enzymatic treatment was assessed via the 
Ninhydrin assay. For calibration, glycine standards in the range 
of 0–200 µM were prepared. Seventy-five microlitres of the 
ninhydrin reagent was added to 100 µL sample/standard and 

incubated for 30 minutes at 80°C. Then, the samples were 
cooled to room temperature. Finally, 100 µL of 50% ethanol 
was added as a stabilizing solution. The absorbance was meas-
ured in duplicates at 570 nm in an Infinite 200 Pro spectropho-
tometer (TECAN).

Phenolic compounds content determination was assessed by 
the Folin–Ciocalteu assay. Standard samples (1–0.05 g L−1) were 
prepared using a vanillin stock solution (1 g L−1). Sixty microli-
tres of Folin–Ciocalteu reagent, 20 µL of sample or standard solu-
tion and 600 µL of mQ-H2O were vortexed and incubated at room 
temperature for 5–8 minutes. Subsequently, 200 µL of a 20% 
sodium carbonate solution and 120 µL of mQ-H2O were added. 
The samples were then vortexed and shaken for 2 hours at 21°C 
and 800 rpm. Absorbance was measured at 760 nm in an Infinite 
200 Pro spectrophotometer (TECAN). In parallel, blanks for the 
enzymes and samples were prepared which were subtracted from 
the absorbance, respectively.

Analysis of amino acids via high-
performance liquid chromatography

High-performance liquid chromatography (HPLC) analysis of 
amino acids was carried out on an Ultimate 3000 (Thermo Scientific, 
Waltham, MA, USA) machine equipped with a reversed phase  
column (150 × 3 mm, 3.5 µm; Agilent ZORBAX Eclipse AAA 
(Agilent, Vienna, Austria)) and a precolumn (12.5 × 3 mm, 5 µm; 
Agilent Eclipse AAA). The mobile phase was composed of 40 mM 
NaH2PO4 × H2O, pH = 7.8) and eluent B (methanol:acetonitrile:mq 
= 45:45:10). The flow rate and the column temperature were 1.2 mL 
min−1 and 40°C, respectively. After 2.5 minutes of equilibration at 
100% A, a gradient was performed for 17.5 minutes to 48.5% buffer 
B. At 20.5 minutes, a 3-minute-long washing step was conducted, 
followed by a re-equilibration step for 2.5 minutes. For detection via 
fluorescence, an in-needle pre-column derivatization step was  
performed. For primary amino acids, ortho-phthaldialdehyde con-
taining 1% 3-mercaptopropionic acid and for secondary amines 
fluormethylencarbonylchloride was used as a derivatization agent. 
Norvaline and sarcosine served as internal standards and were  
added with a final concentration of 1.25 mM to all samples and 
standards. Primary amines and norvaline were detected at 
340/450 nm (excitation/emission) and secondary amines and sarco-
sine were detected at 266/305 nm (excitation/emission).

SDS–poly acrylamide gel electrophoresis

SDS–poly acrylamide gel electrophoresis (SDS-PAGE) was per-
formed to qualitatively determine the molecular mass distribution 
of poly- and oligopeptides released during the hydrolysis process. 
As a reference hydrolysis sample, keratin was extracted from 1 g 
of untreated textile sample in 10 mL of 50 mM TRIS–HCl pH 8.5 
supplemented with 1.5 M 2-mercaptoethanol, 8 M urea and 0.25 M 
SDS for 4 hours at 60°C. Twenty microlitres of samples during the 
hydrolysis process of enzyme A (1, 2, 8, 16 and 48 hours) and 
enzyme B (8, 16 and 48 hours) and the reference hydrolysis  
sample were mixed with 20 µL of 2× Laemmli buffer. After 
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incubation at 95°C for 5 minutes, 20 µL of the mixtures were 
transferred on a precast polyacrylamide gel (4–15%; Mini-
PROTEAN® TGX (Bio-Rad, Feldkirchen, Germany)). Seven 
microlitres of Precision Plus Protein Unstained Standards (10–
250 kDa) was used as a protein ladder. After development at 180 
V, the gel was stained in staining solution (0.05 g mL−1 Coomassie 
Brilliant Blue in 60% mq, 30% methanol, 10% acetic acid) and 
destained in 60% mq, 30% methanol and 10% acetic acid. Imaging 
was performed on a Molecular Imager Gel Doc XR System (Bio-
Rad, Feldkirchen, Germany).

Kinetic investigation of wool hydrolysis

One-phase exponential decomposition function with time constant 
parameter (equation (2)) was chosen to mathematically describe the 
affinity of the novel enzymes on the substrate and to identify the best 
performer. Herein, for each enzyme the reaction evolution was 
retrieved from the released amine groups via Ninhydrin assay. 
Values for initial quantity A, rate constant λ and offset A0 were 
obtained from the results at the sample taking points t and non-linear 
curve fitting was calculated with Levenberg–Marquardt iteration 
algorithm in Origin Pro (OriginLab, Northampton, MA, USA). The 
necessary time duration to reach 50% conversion rate t1/2 is taken as 
a performance indicator and is calculated by equation (3).

	 Concentration
mmol

L
*

�
�
�

�
�
� � �

�
A A e

t

0
� 	 (2)

	 t1 2 2/ ln� � �*� 	 (3)

Scanning electron microscopy

The success of the enzymatic treatment and intactness of the PET 
fibres was assessed using scanning electron microscopy (SEM). 
Treated and untreated samples were mounted on adhesive tape 
and coated with gold in argon atmosphere with a COXEM SPT-
20 (COXEM, Daejeon, South Korea). The SEM images were 
obtained in a COXEM EM-30-plus (COXEM) using an accelera-
tion voltage of 12–20 kV.

Elastane separation process via non-
hazardous solvent extraction

After successful removal of wool fibres by enzymatic treatment, 
the residual PET/EL fabric was treated with the non-hazardous 
organic solvent DMSO according to (Boschmeier et al., 2023b). 
Herein, DMSO was chosen as the favoured solvent because it is 
not listed under substances of very high concern in REACH. In 
this method, elastane is gently removed with DMSO at 120°C 
with a treatment duration of only 10 minutes. Full dissolution of 
elastane fibres was achieved by adding 1 g of textile substrate per 
150 mL DMSO. Such a short treatment time leaves the obtained 
PET intact, the pure polymer can be removed from the reaction 
flask and the contaminated solvent is purified and recovered 
through filtration, centrifugation and distillation.

Tensile tests on PET fibres

A PET reference was treated for 8 and 48 hours under enzymatic 
conditions with enzyme A and without (blank) as stated in section 
‘Enzymes, characterization and treatment of wool fibres’. The 
same PET reference was treated for 10 minutes and 2 hours in 
DMSO according to the elastane separation process (ESP; see 
section ‘Elastane separation process via non-hazardous solvent 
extraction’). All treated samples were then washed in tap water 
and dried at 60°C for 12 hours. Possible differences in the tensile 
properties between the treated and reference samples were inves-
tigated by tensile tests using Vibrodyn 400 and Vibroskop 400 
(Lenzing Instruments, Gampern, Austria). According to ISO 
5079:2020 standard, the gauge length was set to 20 mm and a test 
speed of 20 mm minute−1 was used with a pretension weight of 
100 mg. For every sample, 10 measurements were performed and 
changes in elongation at break, tenacity and fibre titre induced by 
short and long-time exposure were investigated by analysis of 
variance (ANOVA) with a significance level of 0.05. Before exe-
cution of the ANOVA, the standard deviations (SD) σ within a 
group of samples have been checked according to the criterion 
σmax ⩽ 2σmin to meet the analysis precision. The p-values lower 
than 0.05 are considered as statistically significant and a post hoc 
test (Tukey) was conducted to identify statistical differences 
between the reference and short-time treated (8 hours enzyme A, 
10 minutes ESP) samples. In the Tukey-test, the absolute values 
of the difference in the sample means (d) higher than the critical 
value (CV) are considered as statistically significant.

Results and discussion

Enzyme activity determination

The acceleration of the enzymatic treatment duration is crucial, 
since previous works reported a treatment time of 16–48 hours as 
described in the introduction. Therefore, two novel enzymes 
(enzyme A and B) were tested for the enzymatic treatment with 
the desire of increased activity compared to the one used in previ-
ous works. Those novel enzymes are different from already avail-
able Savinase, which belongs to the group of subtilisin proteases 
and can be isolated from Bacillus lentus. For a first performance 
screening, the activity assays of the three enzymes were con-
ducted. Figure 1 shows the absorption by increasing azocasein 
concentrations. The two novel enzymes A and B reveal higher 
activities, 56.3 and 51.9 U mL−1, respectively, in contrast to 
Savinase with 29.4 U mL−1, which suggests an accelerated 
hydrolysis performance. For this reason and because Savinase 
seems not to be appropriate for the used substrate, the enzymatic 
treatment trials proceeded using enzymes A and B.

Kinetic studies of wool removal

The hydrolysis of wool in wool/PET/EL blends by the enzymes 
A and B was studied in detail for timepoints 1–8, 12 and 
48 hours. Mass yields were obtained from the dry samples and 
the hydrolysates were analysed through the Ninhydrin assay 
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and Folin–Ciocalteu assay. Since both assays reflect the 
amount of wool depolymerized into amino acids, the enzyme 
performance can be determined. Besides a lower SD 
(<2.3 mmol L−1) and higher detected amounts compared to the 
Folin–Ciocalteu assay, only the Ninhydrin results are consid-
ered for the exponential approximation. Figure 2 shows the 
reaction progress of enzymes A and B according to the mass 
differences, the released amine groups and released phenolic 
compounds and in Table 1 the results of the exponential func-
tion approximation are displayed.

For enzyme A (Figure 2(a)), half of the amine groups were 
detected already after t1/2 = 1.9 hours (see equation (3)), whereas 
a stagnation of released molecules was seen at 8 hours reaction 
time. Between a reaction time of 12–48 hours, only slight differ-
ences occurred. Those two circumstances might be an indication 
for a full wool removal after 8–12 hours, however, SEM investi-
gation is essential to show evidence. A slower release of amine 
groups was detected for enzyme B (Figure 2(b)). Half of the 
enzyme velocity was reached only after t1/2 = 3.1 hours, which is 
much slower compared to enzyme A. A stagnation of maximum 
conversion can be expected somewhere after 8 hours. In contrast 
to the released amount of amine groups, the release of phenolic 
compounds by enzyme B was slightly delayed when compared 
to enzyme A. This could be due to a different cleavage pattern of 
the two proteases releasing more or less tyrosine containing pep-
tides or a possible influence of released dyes. A mass loss of 
50% with enzyme B revealed a necessary treatment duration of 
4 hours, which is again two times longer than for enzyme A with 
2 hours. By following the mass yield of the two enzymes, there 
are some interesting points. Firstly, it seems that removal of vis-
ible spikes, which are identified as residual cortical cells, was 
not complete as proved by SEM analysis (Figure 3(c)). This cor-
tical cells make around 90% of the wool fibre mass and deter-
mine the physical and chemical properties (Giteru et al., 2023; 
Russell et al., 2016) and released during the enzyme degrada-
tion. Hence, the mass yields do not reach 100% yield and stag-
nate at around 80%. Secondly, an unexpectedly strong increase 
at 48 hours up to 90% was detected. Investigations revealed that 
with a longer lasting treatment duration the residues lost their 
adhesion to the fabrics and migrate in the hydrolysate, which 
results in a higher yield. Nevertheless, also after 48 hours those 
spikes can still be found in the fabric, making an adequate 

Figure 1.  Protease activity of enzymes A, B and Savinase in 
dependence on the azocasein concentration.

Figure 2.  Evolution of released amino acids for (a) enzyme A and (b) enzyme B based on the detected amine and 
phenolic groups. The wool mass yields are obtained from the wool/PET/EL blend before post-treatment. The exponential 
approximation is adapted on the released amine groups.
PET: polyethylene terephthalate; EL: elastane.
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post-treatment essential. There is no evidence of a possible 
influence of the dye used in the wool fibre.

Investigation of enzymatic wool removal 
coupled with necessary post-treatment

SEM was performed as a qualitative assessment method to study 
the wool/PET/EL textile waste morphology and support the 
kinetical investigation. Synthetic and wool fibres can be distin-
guished due to the distinct shed-like surface structure of the 
cuticula of wool fibres, as shown in Figure 3(a). The fibre diam-
eter in the sample is approximately 30 µm for wool and 20 µm for 
synthetic ones. A distinction between elastane and PET fibres via 

SEM is not possible as both synthetic fibres have similar fibre 
widths as well as a plain surface structure. The temporal disinte-
gration of the wool fibre was visualized via SEM analysis. Figure 
3(b) shows a wool fibre after 1 hour hydrolysis treatment, result-
ing in a brittle fracture through the fibre and protruding tips. In 
agreement with earlier findings (Eslahi et  al., 2013; Navone 
et  al., 2020; Quartinello et  al., 2018), the presence of sodium 
bisulphite as a reducing agent and SDS as surfactant enhanced 
the reaction rate significantly. Essentially, sodium bisulphite 
breaks down the robust disulphide linkages between two cysteine 
molecules, whereas SDS stabilizes the protein structure by form-
ing ionic bonds with protonated-NH4

+ residues (Lebedytė and 
Sun, 2022). This leads to the reduction of the number of intermo-
lecular cross-linkages (Pan et al., 2016) and hence to enhanced 
access of the enzyme to the substrate. The cortical cells contain 
microfibrils which are held together by the keratin interfilamen-
tous matrix stabilized by highly crosslinked disulphide bridges in 
the keratin-associated proteins (KAP) (Gong et al., 2016). When 
a full wool degradation is achieved (Figure 3(c)), only residual 
cortical cells in form of spikes can be observed within the textile 
fabrics. An appropriate post-treatment is necessary to fully 
remove those visible residues (Figure 3(c)) in order to receive a 
PET/EL fabric without any residual contamination. Methods 
were applied using tap water, ethanol and DMSO (Supplemental 
Table S1). This step is crucial because the presence of any 

Table 1.  Exponential function parameters for the two novel 
enzymes obtained from the Ninhydrin assay.

Enzyme Parameter Value SD Unit

A A0 32.7 1.6 mmol L−1

A −29.8 2.5 mmol L−1

λ 2.8 0.5 Hours
B A0 36.6 2.1 mmol L−1

A −36.1 2.6 mmol L−1

λ 4.4 0.7 Hours

SD: standard deviation.

Figure 3.  SEM images of (a) untreated wool/PET/EL sample, (b) damaged wool fibre after 1 hour enzymatic treatment and 
(c) spikes (residual cortical cells) visible on the PET/EL fabric directly after wool hydrolysis at 8 hours treatment time and (d) 
remaining PET/EL fabric after complete wool removal.
SEM: scanning electron microscopy; PET: polyethylene terephthalate; EL: elastane.
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contaminants in the recovered PET are undesirable. It was found 
that treating the hydrolysed textile samples at 60°C for 30 min-
utes in DMSO was the best method for fully removing the corti-
cal cell residues as visible in Figure 3(d). The remaining PET/EL 
fabric stays intact during the enzymatic and DMSO treatment 
since no visible changes in the SEM occur, as underlined by pre-
vious literature (Boschmeier et al., 2023b; Navone et al., 2020; 
Quartinello et al., 2018). A full wool removal (100%) is presented 
here after 8.5 hours (8 hours enzyme treatment + 30 minutes 
DMSO cleaning), which is faster and more efficient compared to 
previous reported treatment durations of 24 hours (Eslahi et al., 
2013), 16 hours (Navone et al., 2020) and 48 hours (Quartinello 
et al., 2018) and encourages the method presented in this work.

Characterization of the wool by HPLC and 
SDS-PAGE

HPLC was performed to deepen the understanding of the hydrol-
ysis reaction catalysed by enzyme A and to characterize the wool 
hydrolysate obtained with special regard to the potential valori-
zation of the resulting amino acids. In Supplemental Table S2 the 
relative distribution of the amino acids present in the keratin 
hydrolysate after 8 hours reaction time is summarized.

HPLC analysis (Figure 4) showed that 60% of the wool 
hydrolysate consisted of arginine and serine. Mathematical 
approximation reveals a necessary time duration to reach 50% 
conversion rate (see equation (3)) with t1/2 = 1.9 hours and 6 hours 
for the two amino acids, respectively. If alanine (t1/2 = 6.5 hours) 
and threonine (t1/2 = 5.6 hours) are also considered, those four 
amino acids make up more than 75% of all amino acids, which 
has been expected (Qiu et al., 2020). Cystine, phenylalanine or 
aspartic acid were not detected. Noteworthy, the used HPLC-
method has limitation in the analysis of cystine. On the one side, 
cystine is only detected as a cystine dimer, whereas on the other 

side the fluorescence signal of the cystine derivative is generally 
weak (Rawat and Maupin-Furlow, 2020).

SDS-PAGE analysis was performed to follow the progres-
sion of the cleavage of wool proteins into low-molecular 
(oligo-)peptides (see Supplemental Figure S1). Relative to 
increasing reaction times, a shift, and an increase of the bands 
towards low molecular mass (<10 kDa) can be seen, which 
indicates the increased rate of wool degradation. Molecular 
mass of 26.7 kDa for enzyme A and 27.3 kDa for enzyme B are 
traceable in this plot. Pure extracted wool exhibited fractions 
with molecular mass ranging from 10 to 25 kDa which corre-
spond with molecular mass associated with the cysteine-rich 
KAP (Gong et al., 2016).

Elastane separation to obtain pure PET

For further recycling steps such as melt-extrusion, a pure PET 
feed is essential. Therefore, the full separation of all components 
present in the wool/PET/EL textile is required (Figure 5(a)). 
Right after the accelerated enzymatic treatment, the remaining 
PET/EL fabric (Figure 5(b)) was treated with an organic solvent 
in order to remove the elastane share. Therefore, the previously 
introduced ESP by (Boschmeier et  al., 2023b) was used. 
Considering the above presented removal of wool residues by 
DMSO washing at 60°C, wool fibre residues and elastane fibres 
could simultaneously be removed without damaging the PET 
fibres (Figure 5(c)). In Figure 5(c) is also the well-known and 
appreciated side effect of decolourization noticeable, which is 
induced by the ESP (Boschmeier et  al., 2023b). A full solvent 
recovery was possible by filtration, centrifugation and distilla-
tion. Furthermore, the elastane share was determined by differen-
tial scanning calorimetry measurements according to the elastane 
quantification tool previously developed (Boschmeier et  al., 
2023a). With this method it is possible to accurately quantify the 

Figure 4.  Detected amino acids in the hydrolysates of enzyme A at the chosen time stamps of (a) arginine, serine and alanine 
and (b) threonine, glycine and leucine.
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share of elastane in a textile product, on this substrate it was iden-
tified to be 2%. Together with the mass yields of the wool depo-
lymerization experiments, the textile composition was calculated 
to be 41% wool, 57% PET and 2% elastane per mass. Initially, 
the compositions from the labels were used, making the calcula-
tions incorrect; however with the new textile composition, it was 
possible to calculate the full separation of wool and elastane 
fibres. There is no evidence on mass changes retrieved from the 
decolorization effect.

After adaption of the textile composition in percentage per 
mass, quick studies on the optimum enzyme concentration were 
conducted. Enzyme concentrations were varied (1.5, 2.5 and 5% 
per volume) and tests were performed in triplicate with a treat-
ment duration of 8 hours inclusively the DMSO post-treatment. A 
full conversion was achieved with enzyme A with the proposed 
2.5 vol.-% enzyme dispersion, showing that this volume is suffi-
cient. All the results are shown in Supplemental Figure S2.

Tensile properties of PET fibres after 
enzymatic and ESP treatment

A first look on the stress–strain curves plotted in Figure 6 reveal 
a difference in the PET fibre elongations, which is underlined by 
ANOVA and Tukey-test results (Supplemental Table S3). Long-
time exposure of 48 hours to the enzymatic conditions and 2 hours 
to the ESP increase the elongation significantly: all p-values are 
lower than 0.001. Additionally, a Tukey test between the untreated 
PET reference and 8 hours exposure with (enzyme A) and with-
out (blank) the enzyme confirms those results (Supplemental 
Table S3). However, 10 minutes ESP exposure is not affecting the 
PET fibre elongation significantly according to the Tukey test: 
d = 1.05 < CV = 2.35. Taking the tenacity results into considera-
tion, a tenacity reduction induced by the enzymatic conditions 
can be observed in Figure 6(a). The ANOVA result of the blank 

(p < 0.001) is different to the ANOVA result of the enzyme 
(p = 0.07) and shows an enzyme-catalysed statistically significant 
influence on the PET fibre tenacity. Furthermore, Tukey test con-
firms a significant impact on the tenacity in both variants: with 
and without enzyme A. It can be concluded that the enzymatic 
conditions have an impact on the PET fibre tenacity. Especially 
the amorphous regions in the PET are susceptible to alkali treat-
ment (Chen et al., 2015). Additionally, the temperature of 50°C 
and long exposure (8 hours) can influence the molecular chain 
orientation, which is responsible for the mechanical properties 
(Qin et al., 2018). However, a direct comparison of the average 
tenacities reveals a reduction of only 5% (PET reference: 70.8 cN/
tex; 8 hours Enzyme A: 67.5 cN/tex). In contrast to the enzymatic 
treatment, no influence on the tenacity induced by ESP treatment 
(Figure 6(b)) is observed. That noteworthy outcome is underlined 
by the ANOVA (p = 0.01) and Tukey-test results and highlights 
the ESP. A fibre titre swelling could be observed by ANOVA only 
for the enzyme A samples (p = 0.31), but Tukey test reveals no 
significant difference.

Field test of the novel enzyme A (NS 
59161) on post-consumer textile waste

Based on the successful demonstration of an optimized enzy-
matic removal of wool, first upscaling trials were carried out on 
five post-consumer textile waste samples containing PET/wool 
in unknown shares. For this purpose, an incubator with a reaction 
volume of 4 L was used and the optimal parameters from the 
wool/PET/EL sample were applied on the PET/wool samples: 
8-hour enzymatic treatment coupled with 30 minutes washing in 
DMSO. The applicability of the developed methods is still far 
from semi-industrial scale, nevertheless the results are of great 
interest for the textile recycling sector as 61 g of recovered PET 
could be generated from 200 g PET/wool feed. It was possible to 

Figure 5.  Different treatment steps of (a) the untreated wool/PET/elastane textile, (b) PET/EL fabric right after enzymatic 
removal of wool fibres and (c) pure PET after elastane separation.
PET: polyethylene terephthalate; EL: elastane.
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increase the ratio between substrate and reaction volume from 
3% to 5% (w/v) and a pure PET fabric was obtained. The post-
treatment enabled the removal of cortical cell residues and con-
taminants adhered to the fabric surface. PET purity was confirmed 
by SEM (Supplemental Figure S3), which showed no indication 
of any wool fibre residues on four of five samples (Supplemental 
Figures S4–S8). Only one of the samples (Supplemental Figure 
S6) contained little amounts of undamaged wool fibres which 
could be ascribed to the high fibre density caused by tight weav-
ing (Supplemental Table S4). For this dense fabric type, the 
accessibility of the enzyme to the wool fibre is hindered. To over-
come this obstacle, shredding of feed material leads to more sur-
face area which enhances the enzymes accessibility to the wool 
fibres (Gritsch et al., 2023). Fashion fabric related details such as 
grammage, fibre titre, yarn titre, yarn twists, etc. exhibiting then 
low relevance to the process. Since recovered PET needs to be 
shredded for thermo-mechanical recycling anyway, such pre-
processing does not influence further steps.

Conclusion

In this work, a new approach for recycling of textile waste consist-
ing of wool/PET/EL is presented, making such a textile composi-
tion first-time recyclable. Wool fibres were successfully degraded 
with two novel enzymes into its amino acids. From the kinetical 
investigation, NS 59161 (enzyme A) was chosen as the best per-
former over NS 29083 (enzyme B). According to the conducted 
assays, a treatment duration of 8 hours is sufficient for full wool 
conversion and even a double acceleration compared to the latest 
published treatment duration of 16 hours. A quick cleaning step of 
30 minutes with the non-hazardous solvent DMSO removes  
enzymatic treatment residues. Elastane fibres were successfully 
removed through the ESP in order to obtain pure PET. Excessive 
solvent was recovered via distillation allowing to ameliorate the 
overall material consumption and lowering the generation of 
waste for a future sustainable process. Furthermore, a full solvent 
recovery is essential on large scale the latest to lower process 
costs. Tensile measurements on the PET fibres reveal no changes 
in the polymer matrix induced by the ESP, but slight changes 

through the enzymatic treatment. Since it is common practice to 
blend recycled PET fibres with virgin PET fibres for new textile 
yarn production, the small changes are negligible. Finally, a field 
test on five pre-sorted post-consumer textile waste samples con-
sisting of wool/PET proved the novel enzyme. In four out of five 
textile waste samples the wool share could successfully be 
removed and pure PET was visualized by SEM imaging. Only in 
one very densely woven sample some wool fibres were left, this 
minor issue could be tackled by milling the samples beforehand. 
These results can be applied on any wool and/or EL containing 
textile waste since both processes are based on methods that are 
highly selective and any other fibre type is not affected.

A potential upscaling of enzymatic treatment of such textile 
waste samples seems promising, because washing with a deter-
gent, centrifugation and a temperature control is the same princi-
ple as in a washing machine. One drawback is the potential 
denaturation of the enzymes, which prevents a circular use of the 
enzymes within the process (Navone et al., 2020).

Current recycling processes in the textile sector primarily 
require pure input streams, such as cellulose used on an industrial 
scale for producing high-quality lyocell fibres (Haule et al., 2016; 
Liu et al., 2019). Although literature describes processes, albeit 
only on a laboratory scale, where textiles consisting of two poly-
mers can be recycled after separating one component, particu-
larly PET extracted from cotton (Piribauer et al., 2021). Textiles 
composed of more than two polymers have not been recyclable 
so far. With the method presented here, it is now possible to pre-
pare even complex textile waste for recycling processes. This 
study demonstrates for the first time that textiles composed of 
three fibre types can also be made recyclable. In principle, this 
method can be applied to other material combinations as well. 
We are convinced that this represents an important, albeit not the 
final, step for the textile industry towards a circular economy.
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