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the clothing business, thereby limiting 
the sustainability of this industry. Every 
year, 150 billion garments are produced by 
the fashion industry,[1] of which 30% are 
never sold and over 50% are disposed of in 
under a year,[2] leading to an estimated US 
Dollar 500 billion value loss.[3] Approxi-
mately 92 million tons of textile wastes are 
generated annually around the world,[4] 
85% of which ends up in landfills (occu-
pying ≈5% of landfill space) or inciner-
ated (when most of these materials could 
be reused).[5–7] These numbers grow every 
year due to increasing overproduction and 
overconsumption, leading to resource 
waste, environmental contamination,[8] 
and potential threats to human health 
from microfibers found in rivers, oceans 
and drinking water, which could bioaccu-
mulate via the food chain.[9–15] Despite the 

high production of textile wastes, their recycling rates remain 
low: only 15% of textile waste was collected and sorted for recy-
cling in 2015, and 1.1 million tons were lost during the pro-
cess.[16] Most recycled textiles cascade to other industries and 
are downcycled into lower-value applications.[17]

To address the environmental concerns and prolong the 
practical service life of fashion textiles, the concept of sustain-
able fashion and circular economy was put forward, driven by 
replacing traditional cycle (fabrication, use and dispose) with 
reuse and recycling.[18–20] Textile reuse and recycling routes, 
including both closed-loop and open-loop routes, can be 
divided theoretically into several steps (Figure 1).[21] Garments 
can be reused by transferring them to new owners through 
donating, swapping and reselling and, for those obsolescent 
ones, even upcycling by adding valuable features and remod-
eling.[22,23] When a garment is no longer suitable for wear, its 
fabric can be recycled into new products, such as upholstery, 
low-grade blankets, industrial rags, and insulation materials.[24] 
Even after a fabric is disassembled, the remaining fibers can 
be isolated for potential use in carpet padding, thermal insu-
lation, and acoustic sound absorbers.[25–30] However, the ideal 
closed-loop route, in which materials are infinitely and effec-
tively cycled without further energy consumption and pollu-
tion, cannot yet be achieved in practice. As fibers are shortened 
and degraded in each round of recycling, they have an esti-
mated lifetime of 7–9 (plastic fibers) and 4–6 (cellulose fibers) 
reuses and recycles,[31,32] after which the textiles will eventually 
end up in landfills or incinerated, thereby polluting the natural 
environment.

Fast fashion, as a continuously growing part of the textile industry, is widely 
criticized for its excessive resource use and high generation of textiles. To 
reduce its environmental impacts, numerous efforts are focused on finding 
sustainable and eco-friendly approaches to textile recycling. However, waste 
textiles and fibers are still mainly disposed of in landfills or by incineration 
after their service life and thereby pollute the natural environment, as there 
is still no effective strategy to separate natural fibers from chemical fibers. 
Herein, a green chemistry strategy is developed for the separation and 
regeneration of waste textiles at the molecular level. Cellulose/wool keratin 
composite fibers and multicomponent fibers are regenerated from waste 
textiles via a green chemical process. The strategy attempts to reduce the 
large amount of waste textiles generated by the fast-developing fashion 
industry and provide a new source of fibers, which can also address the fossil 
fuel reserve shortages caused by chemical fiber industries and global food 
shortages caused by natural fiber production.

1. Introduction

Fast fashion, quickly expanded for its quick turnaround and low 
prices, has been criticized for ushering throwaway culture into 
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Given the current low recycling rates, solving the problem 
of fashion waste and improving environmental and resource 
sustainability are left to material scientists. From a material per-
spective, the current major barrier hindering textile recycling 
is the lack of technologies for sorting and separation.[21] Most 
synthetic fibers, such as polyesters, can be reused easily by melt 
spinning when pure fractions of fibers can be isolated.[33,34] 
However, most fabrics are generally made by various kinds of 
fiber blends to produce better performance and improve the 
texture,[21,35,36] such as cotton/polyester and wool/polyester 
blends, which makes them difficult or nearly impossible to 
separate.[37] Despite the labor-intensive and time-consuming 
sorting process,[38] such blends cannot be simply recycled as 
a whole by melt spinning since natural fibers are mostly ther-
moset; therefore, the β-sheet nanocrystallites in the structure 
would be degraded prior to melting when subjected to thermal 
processing.[39] Thus, the critical question is how to separate 
natural fibers from synthetic fibers. Traditional methods for 
the regeneration of natural fibers usually employ concentrated 
acidic or alkaline solutions, which destroy the polymer struc-
tures of fibers, rendering them unusable as fibers in textiles 
and fashion. Moreover, these chemical processes unavoidably 
introduce hazardous substances and have been strictly pro-
hibited in some countries.[40,41] As we cannot cause one envi-
ronmental problem while solving another, finding a green and 
sustainable process for waste blended fiber separation will ben-
efit the sustainable development of the fashion industry and 
reduce pollution, such as that by ubiquitous plastic particles. 
Hence, ionic liquids (ILs) were chosen to be the solvent for tex-
tile wastes separation in this research, which are closely associ-
ated with the green chemistry movement because of their low 
volatility, nonderivatization, and renewability. ILs are capable of 
dissolving recalcitrant natural biopolymers with massive inter- 
and intra-molecular hydrogen bonds which cannot be recycled 
via melt spinning, without producing hazardous byproducts or 
gas discharge in the reaction.[42–53]

To separate textile materials from general waste, two ILs with 
different selectivity for polymer dissolution, [BMIM][Cl] and 
[MMIM][DMP], were selected as green solutions. Both of them 

have proved the ability to dissolve cellulose and wool,[42,44–48,50–53] 
of which [BMIM][Cl] shows a wider-ranged selectivity that can 
dissolve not only natural fibers but also some synthetic ones 
such as acrylic and nylon.[54,55] But the composition of general 
waste textiles is complex, including cotton and wool which are 
also commonly used by blending together thus difficult to sepa-
rate. To simulate and provide solutions for general textile waste 
in actual recycling, cotton and wool were dissolved and regen-
erated together in the weight ratio of cotton:wool = 1:1, which 
was determined to better reflect their distinctive characteristics 
in the regenerated mixture. In this research, cotton/polyester 
and wool/polyester blended fabrics from used garments were 
utilized for dissolution and regeneration, respectively. After dis-
solution, the remaining undissolved synthetic polymer could be 
collected and simply recycled into fiber via the traditional melt 
spinning process, while the extracted cellulose and wool keratin 
were regenerated via wet spinning. And the ILs could be recov-
ered and reused constantly by distillation after the regeneration 
of extracted polymers, thereby achieving the complete closed-
loop route for textile recycling.

It’s also worth mentioning that the regenerated cellulose/
wool keratin composite fiber wet-spun from [MMIM][DMP] 
exhibits a unique morphology, with wool keratin microspheres 
adhered on the surface, that is different from the morpholo-
gies reported in previous studies,[56–58] and outstanding mois-
ture absorption capacity which can provide good comfort for 
wearing. This research also provides a green and sustainable 
option for large-scaled textile waste recycling to the fashion 
industry.

2. Results and Discussion

Blended cotton/polyester (50%/50%) and wool/polyester 
(50%/50%) fabrics from used garments were separated by dis-
solution with ILs, leaving undissolved polyester fibers to treat 
via melt spinning. [BMIM][Cl] and [MMIM][DMP] were applied 
relatively to evaluate the dissolution process, and three dif-
ferent ratios (cotton/polyester:wool/polyester = 1:0, 1:1, 0:1) of 
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Figure 1. A hierarchical model of the reuse and recycling of textile waste.
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the blended fabrics were applied in the experiment (Figure 2a). 
The waste pure acrylic fabric was also investigated for solubility 
in these two ILs in the same experimental condition, which 
turns out can only be dissolved in [BMIM][Cl]. As illustrated in 
Figure 2b,c, the surface of the blended weaving fabric had a hair-
like structure arising from the cotton fibers aligned in the weft 
direction; this structure was disrupted by dissolution, whereas 
the smooth polyester fibers aligned in the warp direction 
remained unchanged. During dissolution, the color of [BMIM]
[Cl] turned from clear yellow to dark brown (Figure 2d,e).

After dissolution, all solutions of IL with extracted polymers 
(cellulose-[BMIM][Cl], acrylic-[BMIM][Cl], wool keratin-[MMIM]
[DMP], cellulose/wool keratin-[MMIM][[DMP], etc.) were first 
tried to be regenerated into fiber via wet spinning, through 
which only cellulose from both ILs, cellulose/wool keratin com-
posite from [MMIM][DMP] and acrylic from [BMIM][Cl] were 
successfully obtained (of which the regenerated acrylic fiber will 
become brittle after dried, thereby cannot be directly used as 
fiber for textile manufacture). Alternatively, wool keratin from 
both ILs and cellulose/wool keratin composite from [BMIM][Cl] 
were regenerated into hydrogel films.

To analyze the chemical changes occurring during the dis-
solution and regeneration, ATR-FTIR spectroscopy of native 
polymer fabrics, regenerated cellulose, wool keratin, cellulose/
keratin composite and acrylic materials was carried out, as illus-
trated in Figure 3a–c,g. To understand the crystallinity struc-
tures and polymorphy of the native and regenerated polymer 
samples, X-ray diffraction measurements were employed, and 
the diffractograms are compared in Figure 3d–f,h.

The spectrum of the regenerated cellulose is similar to that 
of the cotton fabric: no new peaks were detected. This indicates 

that cellulose was recovered from the IL without distinct 
chemical structure changes. The broad band at 3326 cm–1 is 
assigned to the stretching of OH groups, which indicates the 
presence of hydrogen bonds. The signal at ≈2890 cm–1 could 
correspond to CH stretching, and the band at 1645 cm–1 is 
attributed to amorphous water. The peak at 1316 cm–1 origi-
nated from OH bending vibrations, and the small sharp 
band at 899 cm–1 could be due to OH stretching. The strong 
band at ≈1011 cm–1 is assigned to the characteristic COC 
stretching, the intensity of which is weaker than that in the 
spectrum of the raw cotton fabric. The crystalline structures of 
cellulose can be divided into six polymorphic forms (cellulose 
I, II, IIII, IIIII, IVI, and IVII), of which cellulose I is the form 
in nature and can be converted into the more stable cellulose 
II, with a 3D network structure, via regeneration or merceriza-
tion.[59,60] The diffractogram (XRD) of the cotton fabric exhibits 
the typical pattern of cellulose |, with peaks at ≈14.87°, 16.62°, 
22.78°, and 34.52°, representing crystallographic planes (10), 
(110), (220), and (004).[60] The patterns of the regenerated cel-
lulose from the ILs show peaks at 2θ = 12.02°, 20.00°, 21.70°, 
and 34.52°, representing crystallographic planes (10), (110), 
(020), and (004), corresponding to cellulose ‖.[61] These results 
indicate the transformation from cellulose | to cellulose ‖, with 
rapid breaking and reforming of inter- and intra-molecular 
hydrogen bonds among cellulose molecules during the pro-
cess.[62] Moreover, the lower- and borderline-crystallinity peaks 
of regenerated cellulose reflect a decrease in crystallinity, prob-
ably due to a coagulation process that is unfavorable to cellu-
lose crystallization.[63]

The spectra of the wool fabric and regenerated wool keratin 
show almost identical characteristic absorption bands that 
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Figure 2. Performance of ionic liquids in the separation of natural polymers from polyester composite blended fabrics. a) A schematic diagram of the 
separation and regeneration of cotton/polyester blended fabric. b) SEM image of cotton/polyester blended fabric before dissolution. c) SEM image of 
the polyester fabric remaining after dissolution. d) Photograph of the [BMIM][Cl] ionic liquid. e) Photograph of cellulose and wool keratin dissolved 
in the [BMIM][Cl] ionic liquid.
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could be traced back to peptide bonds (CONH), suggesting 
the successful recovery of wool keratin. The absorption band 
at 3273 cm–1 could be due to NH stretching from amide A 
vibrations. The strong peak observed at 1630 cm–1 corresponds 
to CO in the amide | band, and the peak at 1518 cm–1 is from 
NH bending and CN stretching in amide ‖. A weak band at 
1235 cm–1 is assigned to CO and CN stretching and OCN 
and NH bending in amide III. Two typical crystal structures 
are determined from the diffractogram of raw wool fabric, with 
a peak at ≈10.04° attributed to an α-helix structure and a peak at 
21.88° indicating a β-sheet structure.[64] The XRD diffractogram 
of the regenerated wool keratin generally matches that of the 
raw wool fabric except that the peaks are significantly weaker, 
indicating lower crystallinity and a more amorphous structure, 
which can improve water absorption.

In the spectrum of the regenerated cellulose/wool keratin 
composite, the peaks corresponding to amide | and amide II 
are at ≈1638 and 1521 cm–1, but their intensities are lower than 
those above due to the decreased concentration of keratin in the 
blend.[65] The peaks at 1010 and 899 cm–1 are consistent with 
those in the cotton fabric. Similar to that of the regenerated cel-
lulose, the XRD diffractogram of the regenerated cellulose/wool 
keratin film contains peaks at 20.02° and 21.83°, indicating that 
the cellulose II structure is present in the composite, and the 
peaks at 8.89° and 12.07° could be a result of the presence of 

wool keratin. The small and sharp peaks at 21.59° and 24.00° 
in the regenerated composite fiber are probably a result of the 
β-sheet structure from wool keratin and the cellulose II struc-
ture from cellulose. No new peaks appear in the FTIR spectrum 
of the regenerated composite in comparison with the spectra of 
regenerated pure cellulose and wool keratin, indicating that the 
macromolecular structure remains unchanged during the dis-
solution and regeneration; instead, bonds in the crystal struc-
ture break, resulting in polymer chain rearrangement.

The ATR spectrum of regenerated acrylic is similar to that 
of the raw fabric, except that it contains peaks at 3384 and  
1169 cm–1, which may correspond to the stretching of OH 
groups and CN stretching, respectively. Compared to the XRD 
diffractogram of the original acrylic, in the diffractogram of 
the regenerated acrylic, the major crystallinity peak at 16.96° is 
much weaker, and the peak at 29.60° is absent, which indicates 
that the acrylic became amorphous and the crystal structure 
was damaged during recycling.

The regeneration of dissolved natural polymers can be 
achieved by diffusional interchange between the IL and a 
liquid bath, which is also known as the coagulation step of the 
wet-spinning process. Here, water was chosen for the coagula-
tion bath, in which cellulose fiber and cellulose/wool keratin 
composite fiber were regenerated, and their SEM images are 
shown in Figure 4a–i; Figure S5a–i, Supporting Information. As 
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Figure 3. Characterization of the regenerated polymer materials. FTIR spectra of a) cotton and regenerated cellulose, b) wool and regenerated wool 
keratin, and c) cotton, wool, and regenerated cellulose/wool keratin composite. XRD patterns of d) cotton and regenerated cellulose, e) wool and 
regenerated wool keratin, and f) regenerated cellulose, wool, and regenerated cellulose/wool keratin composite. g) FTIR spectra and h) XRD patterns 
of acrylic and regenerated acrylic.
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shown in Figure 4a–c, the regenerated cellulose fiber exhibits a 
smooth and even surface with a streaky appearance, of which the 
fibrillar texture was formed by the polymer chains of D-glucose 
units lying alongside each other.[66] Despite the consistency of 
the regenerated cellulose fiber morphology with that reported 
in previous studies,[56] it is interesting that the morphology of 
the regenerated cellulose/wool keratin composite fiber illus-
trated in Figure 4d–i is significantly different from that reported 
in previous studies.[56–58] Two types of cellulose/wool keratin 
composite fibers with the same blend ratio of 2.5 wt%/2.5 wt% 
were obtained via wet spinning from [MMIM][DMP], presenting 
a similar fiber diameter but distinct morphology as a result of 
the different spinning speeds. The morphology of the composite 
fiber regenerated at a lower spinning speed is demonstrated in 
Figure  4d–f; Figure S5a–c, Supporting Information, showing 
tightly packed globular microparticles covering the surface, while 
the fiber spun at a higher spinning speed, shown in Figure 4g–i; 
Figure S5d–i, Supporting Information, exhibits a fibril structure 
along the spinning direction and “globules” growing from the 
gaps. Both types of fibers display a phase-separated structure. 
Referring to previous studies, we found a similar globular struc-
ture in regenerated wool keratin particles and silk fibers,[39,67–72] 
thus indicating that the microspheres on the surface of the com-
posite fibers are polymeric micelles self-assembled by wool ker-
atin and the fibril structure was formed by cellulose (Figure 4j).

This unique morphology may be explained by the amphi-
philicity of wool keratin and the rearrangement of its chain 
folding. During dissolution, the breaking of disulfide bridges 
and hydrogen bonds is oriented by [MMIM][DMP], leading 
to the disruption of the 3D structure of wool keratin and the 
unfolding of the α-helix. The disappearance of the coiled–coil 
architecture of α-helix can be confirmed by Raman spectros-
copy and SAXS profile. As illustrated in Figure  4l, instead of 
the typical peak corresponding to keratin α-helix structure com-
monly observed ≈0.1 nm–1 in previous studies,[73,74] the SAXS 
profile of the regenerated cellulose/wool keratin composite 
fiber exhibits a board shoulder, indicating the presence of 
molecular organizations formed within amorphous structure, 
consistent with the XRD results in Figure 3.[75,76] And character-
istic bonds belonging to α-helix at 928, 1271, and 1652 cm–1 are 
absent in the Raman spectroscopy shown in Figure 4m; alterna-
tively, a peak at 1247 cm–1 can be observed, suggesting a disor-
dered amino III structure.[74,77]

The resultant amorphous polypeptide chains are amphi-
philic, consisting of both hydrophobic and hydrophilic amino 
acids with their side chains extending outward, potentially ena-
bling the formation of micelles in water. The amphiphilicity of 
polypeptide chains can be verified by the result of surface ten-
sion measurement (Figure 4k), as the surface tension of water 
became lower after the addition of 3 mL mixture of [MMIM]
[DMP] with 5 wt% cellulose/wool keratin (1:1) compared to only 
adding 3 mL [MMIM][DMP], implying a further decrease of 
surface tension was induced by the formation of amphiphilic 
polypeptide chains. The main driving force for micelle forma-
tion, a thermodynamic process, is the minimization of the 
interfacial free energy of the polymer–water system.[78] When 
the spinning dope of dissolved polymers is added to water, the 
polymer concentration rapidly increases and reaches the critical 
micelle concentration (CMC), thus inducing the self-assembly 
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Figure 4. Morphology of the regenerated polymer fibers. a–c) SEM 
images of regenerated cellulose fiber. d–f) SEM images of cellulose/
wool keratin (w/w = 1/1) composite fiber regenerated via [MMIM][DMP] 
at a lower spinning speed during the wet-spinning process. g–i) SEM 
images of cellulose/wool keratin (w/w = 1/1) composite fibers regen-
erated via [MMIM][DMP] at a higher spinning speed during the wet-
spinning process. j) Schematic of the formation of the morphology of 
regenerated cellulose/wool keratin composite fiber. k) Surface tension 
measurement of distilled water (25 mL), 25 mL water with addition of 
3 mL [MMIM][DMP], and 25 mL water with addition of 3 mL mixture of 
5 wt% cellulose/wool keratin (1:1) dissolved in [MMIM][DMP]. l) SAXS 
profile of the regenerated cellulose/wool keratin composite fiber. m) 
Raman spectroscopy of the regenerated cellulose/wool keratin com-
posite fiber. n) Self-assembly model including chain folding and micelle 
formation of wool keratin.
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of wool keratin. As illustrated in Figure  4n, the polypeptide 
chains tend to coil and aggregate once spun into the water 
and eventually self-assemble into a spherical structure, with 
the main chains bound to each other through intermolecular 
disulfide bonds. The R-groups from hydrophobic amino acids 
(such as Cys, Leu, Pro, and Gly) clump into the center to form 
the core, while the polar groups from hydrophilic amino acids 
(such as Glu, Ser, and Arg) shield the inside from contact with 
water, thereby reducing the interfacial free energy to attain the 
most stable state (Figure S6, Supporting Information). Mean-
while, cellulose, as an unbranched molecule, is regenerated 
from randomly oriented D-glucose subunits back to aligned 
polymeric chains along the spinning direction, which make up 
the fibril structure on the fiber surface.

The effect of the spinning conditions on micelle forma-
tion have also been demonstrated. As shown in Figure S5a–c, 
Supporting Information, the regenerated cellulose/wool ker-
atin fiber obtained via a lower spinning speed presents obvi-
ously more “globules” on its surface, which suggests that the 

number of distributed micelles can be controlled by the dura-
tion of the contact with water. In addition, we observed that the 
sizes of micelles from different parts of the same fiber differ, 
as the diameters of the “globules” on the anterior part of the 
fiber obtained at a higher spinning speed (Figure S5d–f, Sup-
porting Information) vary from 140–600 nm, similar to the fiber 
obtained at the lower speed, while the sizes of the “globules” 
on the posterior part (Figure S5g–i, Supporting Information) 
range between 100 and 300  nm. This could be explained by 
the principle of the wet-spinning process and the properties of 
ILs, as the filament is formed by diffusional interchange with 
coagulation.[79] When ILs diffuse into water, the surface tension 
of the water will be reduced by the addition of this surfactant, 
restraining the diffusional interchange, thus limiting further 
formation of keratin micelles.

To verify the potential of regenerated fibers for practical 
application in textile industry, their mechanical properties 
and moisture absorption capability were investigated, and 
the results are shown in Figure 5a–f. Overall, the regenerated 
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Figure 5. Mechanical properties of the regenerated polymer materials. a) Respective stress–strain curves of the regenerated cellulose fiber and cel-
lulose/wool keratin composite fiber. b) Young’s modulus of the regenerated cellulose fiber and cellulose/wool keratin composite fiber. c) Tensile strain 
and strength at maximum load of the regenerated cellulose fiber and cellulose/wool keratin composite fiber. d) Moisture regain rate of cotton, wool, 
regenerated cellulose, and regenerated cellulose/wool keratin composite fibers for 24 h at 20 °C and 25% relative humidity. e) The equilibrium mois-
ture regain of regenerated cellulose fiber and regenerated cellulose/wool keratin composite fiber. The sorption/desorption cycles were measured at a 
temperature of 25 °C. f) Nitrogen adsorption–desorption isotherms of regenerated cellulose fiber and regenerated cellulose/wool keratin composite 
fiber. The inset refers to the BET surface area analysis. g) Respective stress–strain curves of the regenerated cellulose/wool keratin composite fibers 
via relatively lower and higher spinning speed. h) Respective stress–strain curves of commercial polyester fiber and recycled polyester fiber by melt 
spinning. The inset refers to the optical microscopy image of recycle polyester fiber. i) Photos of the regenerated cellulose/wool keratin composite 
fiber via [MMIM][DMP] (top left), a piece of fabric manufactured from the regenerated composite fiber via double stranded knitting (below), and the 
regenerated cellulose/wool keratin hydrogel via [BMIM][Cl] (top right).
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cellulose fiber exhibits relatively better mechanical property 
compared to regenerated cellulose/wool keratin fiber, con-
sistent with previous studies which suggest the addition of 
cellulose may enhance the poor mechanical strength of wool 
keratin.[56,65,80] However, the distinction of mechanical proper-
ties between these two regenerated fibers isn’t that significant, 
and both of them have shown much weaker physical properties 
than virgin commercial cotton or wool fibers, which might have 
resulted from the decrease of crystallinities after regeneration. 
We have also tried to manufacture the regenerated cellulose/
wool keratin composite fiber into a small piece of fabric, and 
successfully achieve it via double-strand knitting (Figure  5i). 
Since the mechanical property of the composite fiber is weaker 
between these two regenerated fibers, their potential for prac-
tical use in textile manufacturing has been verified.

Two measurements were conducted to investigate the mois-
ture adsorption capability of the regenerated fibers, of which 
one is the moisture regain in an environment of 20 °C and 
25% relative humidity for 24 h in comparison with commercial 
fibers shown in Figure  5d, and the other is water vapor sorp-
tion of the regenerated fibers at 25 °C illustrated in Figure 5e. 
In comparison with commercial cotton and wool fibers, both 
the regenerated fibers show better moisture regain properties, 
indicating good comfortability for wearing.[81] The general good 
moisture regain properties of the regenerated fibers could pos-
sibly be due to their low crystallization rate and free volume 
inside, supported by XRD results in Figure 3. Notably, the mois-
ture regain rate of regenerated cellulose/wool keratin fiber is dis-
tinctly outstanding, which might also benefit from the increased 
surface area (Figure 5f) as the result of its unique morphology.

Considering that the morphology of regenerated cellulose/
wool keratin composite fiber would be influenced by the spin-
ning speed during wet spinning process, the effect of different 
velocities on their mechanical properties was further investi-
gated. To observe the result difference more clearly, we choose 
two distinct spinning speeds, one of which is close to zero and 
the other is approaching the up limit for stable spinning. As the 
feeding rate from spinneret remains the same in the experiment, 
the composite fiber regenerated via lower spinning speed exhibits 
slightly curly appearance due to the resultant low spinneret draft 
ratio, and thus exhibits better tensile strain result. In contrast, the 
fiber regenerated by higher spinning speed shows better tensile 
strength and lower tensile strain. Restricted by experimental con-
ditions, the higher velocity of spinning cannot be kept very con-
stant, for which the fiber regenerated via higher spinning speed 
shows more varied results of mechanical properties.

To provide a full picture of the circular route for textile waste 
recycling, we have also tried to recycle the remaining polyester 
left behind from the separation process. The polyester was 
completely washed and dried after dissolution to remove any 
impurity, and then recycled via melt spinning. As illustrated in 
Figure 5h, the recycled polyester fiber exhibits similar mechan-
ical property compared to new commercial polyester fiber, but 
a little bit weaker. The possible reason could be the abrasion 
during wearing and residual impurity from incomplete separa-
tion (Figure 5h inset). And this strength loss can be improved 
by mixing with virgin fiber or PET bottles when applied in 
industrial textile recycling.[38,82] However, the mechanical pro-
perties of the regenerated fibres could be optimized by the 
spinning and drawing process.

In addition to fibers, we demonstrated the application of 
other regenerated cellulose/wool keratin composite product in 
the form of cyclic annular hydrogels (Figure 5i), further applica-
tion and modification of which will be investigated in future.

3. Conclusion

In this study, a simple method was applied to convert waste tex-
tiles into regenerated materials. We utilized two ILs, [BMIM][Cl] 
and [MMIM][DMP], to separate natural fiber/polyester blended 
fabrics, which achieves not only blended-fabric separation, pro-
viding a feasible method of textile recycling at scale, but also a 
circular route for complete recycling of waste textiles and cyclic 
utilization of solvents. Two types of blended fabrics from used 
garments, cotton/polyester and wool/polyester blends were first 
separated by the ILs, with cotton and wool dissolved into ILs. 
The undissolved solid polyester could be simply recycled by tra-
ditional melt spinning, while the extracted cellulose and wool 
keratin could be regenerated via wet spinning.

Several types of natural polymeric products were success-
fully regenerated from these two ILs using water for coagula-
tion, including regenerated cellulose microspheres, cellulose 
fiber, freeze-dried wool keratin hydrogel, and cellulose/wool 
keratin composite hydrogel and fibers, which indicate different 
suitability of the ILs for practical textile recycling process. We 
also used [BMIM][Cl] to dissolve and regenerate waste acrylic 
fabric into fiber, which became brittle after drying and will need 
further study for application. Cellulose/wool keratin composite 
fibers were successfully regenerated via [MMIM][DMP] and 
presented a significantly different morphology from that in pre-
vious reports. Microspheres were clearly observed adhered on 
the surface along the direction of injection, which could indi-
cate a wool keratin component in the mixture. Such regenerated 
composite fibers showed excellent water vapor adsorption capa-
bility and suitable mechanical properties for textile manufac-
ture, supporting their wearability. Our work gives a solution for 
the critical problem of separating natural and synthetic fibers 
from waste textiles and represents an emerging breakthrough 
in fiber material regeneration in a green chemical approach. 
In future research, more modifications of the regenerated 
products for functional applications, high-efficient methods 
for pigment removal from waste textiles, and enhancement of 
the efficiency and repeatability of ionic liquids recovery after 
regeneration will be investigated.
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