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Abstract

Wool fiber contains approximately 95% keratinous proteins, which is one of the most abundant sources of
structural protein. However, a large amount of wool waste is underutilized. Developing appropriate approaches to
recycle wool waste and produce value-added products is vital for sustainable development and reducing
environmental burden. Thus, this paper reviews the mechanical methods of fabricating wool powder, including pan
milling, combined wet and air-jet milling, steam explosion, freeze milling, and three-stage milling. The influencing
factors of shape and size, structure, and properties are highlighted to overview of the possible controlling methods.
Then, this review summarizes various chemical methods for the extraction of wool keratin, underlining the
dissolution efficiency and the structure of wool keratin. Furthermore, the application of reused wool particles in
textile, biosorbent, and biomaterials are also reported. Finally, several perspectives in terms of future research on the
fabrication and application of wool particles are highlighted.
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1 Introduction

Wool is a biodegradable and biocompatible natural fiber
that has attracted considerable attention for use in tex-
tiles and various technological fields due to its outstand-
ing properties, such as specific structure, high moisture
regain, excellent resiliency, good elasticity and good
insulation capacities, low heat conductivity, and excel-
lent affinity for dyestuffs [1]. More than 2.5 million tons
of wool are produced annually worldwide [2]. Waste
wool mainly comprises by-products of wool fiber sub-
jected to textile processing, poor-quality raw wool that is
not fit for spinning, and other secondary waste that is
generally obtained in the textile industry. However, large
amounts of wool waste are dumped in landfills or burnt,
which may contribute to the pollution of the environ-
ment. Rising concern for the environment and growing
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demand for safe and sustainable bio-based materials are
prompting the search for improved recycle methods of
wool waste.

Several reviews on fabrication methods and applica-
tions of wool particles have been reported in recent
years. Patil et al. [3] reviewed the direct and indirect
routes to fabricate the ultrafine particles from protein fi-
bers. They also presented the applications of protein
fiber particles. K. Donato et al. [4] introduced the keratin
and its-based biomaterials. Karthikeyan et al. [5] re-
ported the industrial applications of keratins extracted
from feathers, hair, wool, and horn. Gosh et al. [6] sum-
marized the keratin-based materials for toxic pollutants
absorption. Shavandi et al. [7] discussed the advantages
and limitations of the major methods for extracting
keratin, including reduction, oxidation, microwave ir-
radiation, alkali extraction, steam explosion, sulfitolysis,
and ionic liquids. Furthermore, they reviewed various
modification methods of wool fibers and the recent
keratin-based thermoplastic biocomposites fabrication
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methods, including intermixed blending, and melt pro-
cessing [8, 9].

In this review, we focused on the environmentally
friendly methods to recycle wool fiber. Firstly, the struc-
ture and properties of wool powders fabricated using dif-
ferent methods, including pan milling, combined wet
and air-jet milling, steam explosion, freeze milling, and
three-stage milling, were compared. Secondly, the trad-
itional methods for extraction wool keratin were sum-
marized. The limitations of traditional chemical methods
to extract wool keratin have inspired researchers to de-
velop simple and eco-friendly processing methods. The
extraction efficiency of wool keratin using a series of
green ionic liquids (ILs) and deep eutectic solvent (DEP)
solvent are highlighted. In addition, the promising appli-
cations in the textiles, biosorbents, cosmetic, and bioma-
terials are reviewed. Finally, the problems and challenges
of fabrication methods as well as the applications for
wool particles were discussed.

2 Preparation methods of wool particle

Recovered wool waste is considered a “rich” material
owing to its composition and properties [10]. Ideally,
wool particles should be fabricated via a technology that
does not produce hazardous waste. To this end, various
mechanical and chemical methods have been developed.
This section presents a detailed overview of the
utilization of wool waste.
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2.1 Mechanical method

Mechanical methods are effective for fabricating various
wool powders of different sizes and shapes. Generally,
these methods are characterized by short durations as
well as low-cost and are suitability for mass production.
Moreover, these methods can reuse all the wool waste
generated at different stages of the textile lifecycle. Mi-
cro and nanoparticles produced by mechanical methods
can maintain the natural microstructure and high crys-
tallinity of the wool fiber. Among various mechanical
methods, pan milling, combined wet and air-jet milling,
steam explosion, freeze milling, and three-stage milling
have been commonly used to fabricate wool powders.
Figure 1 shows the corresponding preparation process.

2.1.1 Pan milling

According to Xu et al. [11, 12], needle-like wool powder
with an average diameter of 2 um can be obtained after
grinding wool fiber for only 3 h using a home-made ma-
chine with two special milling pans [13], one of which
has a concave surface, and the other, a convex surface.
The two milling pans exhibited low heat generation and
high anti-abrasion properties, preventing heat accumula-
tion in the grinding zone. This approach has been used
for the fabrication of other fiber powders, including fi-
broin powder, down powder, leather powder, and cellu-
lose powder at room temperature without additional
cooling processes [14—17]. The shape and size of the
wool powders are directly determined by the grinding
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time. The wool powder prepared using a grinding time
of 5 min exhibited the original outline of the wool fiber.
After grinding for 0.5 h, the amorphous region was first
destroyed, leading to the formation of wool powder with
a small diameter. As the grinding time was increased,
certain crystals of the wool fiber were also destroyed,
slightly decreasing the crystallinity. Additionally, Xu
et al. [12] compared the influence of the grinding time
on thermal properties obtained using this technique.
They found that as the grinding time increased, the wool
powder’s affinity to water increased. Furthermore, the
temperature for the crystal cleavage and the destruction
of the crosslinks also increased. The fine wool powder,
with improved thermal stability, had advantages in
polymer-based applications.

From an industrial perspective, the fabrication of wool
powder by pan-milling is convenient, simple, and eco-
nomical since it allows the rapid production of powders
at room temperature. This method solves the issue of
uneven particle size distribution, commonly observed
when using mechanical methods. This effective fabrica-
tion strategy exhibits potential for the fabrication of fine
powder. The approach, however, requires a special
machine.

2.1.2 Combined wet milling and air-jet milling

Rajkhowa et al. [18, 19] obtained ultrafine wool powder
using a combination of two sets of milling methods, i.e.,
wet and air-jet milling. The typical wool powder
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fabrication process is as follows. First, wool fibers are
chopped to a length of 1mm. The snippets are
immersed in water for 6 h, for wet milling. Circulating
cooling water (18°C) is used to keep the product
temperature low during the milling process. After wet
milling, the wet powders were spray-dried at 130 °C. Fi-
nally, the resulting dried wool particles are ground using
an air-jet milling machine with a grinding air pressure of
110 psi.

The wet milling time and air-jet milling process can
significantly affect the size and morphology of the wool
powders, resulting in the formation of different morph-
ologies of wool powders, as shown in Fig. 2. SEM images
show that the particle size of the wool powder is reduced
by increasing the wet milling time. After wet milling for
5h, the wool powder appears to be aggregated. The air
jet milling process is then used to improve the separ-
ation of particles through the application of external
high pressure. The final prepared wool powder shows a
considerable reduction in median size (from 4.0 pm to
1.5 pm) using air-jet milling, as shown in Fig. 2d. Bru-
nauer—Emmett—Teller (BET) analysis of the wool pow-
der demonstrated that the surface area of ultrafine wool
particles is 700 times higher than the wool fiber. There-
fore, it is necessary to separate the wool particle aggre-
gates by the air-jet milling method.

Faruque et al. [20] fabricated alpaca powders using this
method. The average diameter of the as-prepared parti-
cles was 2.5um without using any chemicals in the

[18]. Copyright 2012, Elsevier

Fig. 2 SEM images of wool powder using combined wet milling and air-jet milling methods. a snippets; b after 5 h wet milling followed by
drying; ¢ magnified image of b; d air jet milling of b; e magnified image of d; f fractured wool fiber. Reprinted with permission from Reference
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pretreatment and powder fabrication processes. X-ray
diffraction (XRD) analysis demonstrated that the crystal-
linity of the prepared alpaca powders decreased with in-
creasing milling time. Moreover, the differential
scanning calorimetry (DSC) and thermogravimetric ana-
lysis (TGA) tests revealed that the thermal properties of
the powders were similar to that of the alpaca fibers.

Using a similar method, Patil et al. [21] compared the
morphology and surface properties of cashmere guard
hair powders, with and without acid hydrolyzed guard
pretreatment. They found that the average diameter of
the as-prepared powder reduced from 2.32pm to
0.46 pm when the cashmere guard hair was subjected to
acid hydrolysis pretreatment. The particle size and shape
of the powder were greatly affected by acid hydrolysis
during dry air jet milling but not during wet attritor
milling. Additionally, the hydrolysis induced a more por-
ous structure, leading to an increased BET surface.

For the preparation of micron-scale powder, combined
wet and air-jet milling does not require chemical pre-
treatment, and thus, avoids chemical degradation of the
protein structure. This is a huge advantage. The air-jet
milling process can fabricate well-separated fine parti-
cles, but the machine requires high pressure.

2.1.3 Steam explosion

Tonin et al. [22] investigated a rapidly developing tech-
nique for the fabrication of wool powder. The wet wool
fibers were soaked with saturated steam at 220 °C for 10
min. The slurry was then filtered, and two phases (wet
solid-state and liquid phase) were obtained. The wet
solid was dried at 105°C and then ground into short
wool fragments or shapeless aggregates. Additionally,
sediment in the liquid phase was separated using a cen-
trifugal force. The wool powder with spherical morph-
ology (with a diameter in the range 0.5-3.0 um) was
observed in the dried sediment, which was attributed to
the external thermal-induced shrinkage of protein. The
obtained wool powders exhibited more p-sheet and dis-
ordered structures.

This approach showed the conversion of the wool fiber
under strong physical conditions, confirming the cleav-
age of the disulfide bonds in the wool fiber without the
addition of harmful chemical agents. The main advan-
tage of this method is the rapid and simple production
process without the need of additional toxic chemical
agents. However, the size of 62.36 wt% solid particle is
considered too large. Thus, this green process has been
considered suitable for the rapid pretreatment of wool
fiber.

2.1.4 Freeze milling
The high temperature during the milling process oxi-
dizes the powder easily. Therefore, Hassabo et al. [23,
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24] presented a systematic study on the fabrication of
wool powder using a freezer/mill machine using liquid
nitrogen. The freezing and crushing time under liquid
nitrogen in the milling process were optimized. The size
of the wool powder depended significantly on the crush-
ing time. The results showed that the fabrication of wool
powder, in the size of 60—80 um, is optimized when the
freezing time is 5 min, crushing time is 3 min, and num-
ber of cycles is 12. In the liquid nitrogen, the oxidation
is hindered, resulting in white wool powder. Raman
spectroscopy showed that the freeze milling process does
not affect the chemical structure of the wool. Addition-
ally, the wool powder retained the thermal properties of
the wool fibers. The freeze milling method can preserve
the structure of the wool fiber; further, this method is
considered suitable for the production of high value-
added products, or as a pretreatment method, owing to
the use and safety of liquid nitrogen in the grinding
process.

2.1.5 Three-stage milling

As expected, soft viscoelastic fibers are difficult to mill
into nano-powder. Thus, the pretreatment for wool fiber
is an effective manner to produce nanoscale powder.
Cheng et al. [25] developed a pretreatment approach for
wool fibers using a hydrogen peroxide solution. This in-
cluded three main stages, as indicated by its name.

2.1.5.1 First stage After pretreatment, the disulfide
bond of the wool fiber was gradually oxidized. First, the
wool was milled into a combination of rod-like particles
of around 300 um, and then into superfine powder,
smaller than 10 um.

2.1.5.2 Second stage Large wool particles were pulver-
ized with an ultrasonic crusher to obtain wool powder
with a diameter of 0.1-7 um.

2.1.5.3 Third stage The fine wool powder was crushed
into nanoscale spherical powder (with a diameter less
than 100 nm) using a nanocolliding machine. The spher-
ical nanoscale wool powder produced by this method ex-
hibited decreased crystallinity and improved amounts of
the secondary amine groups. Additionally, no evident
changes were observed in the chemical structure of the
wool particles.

As described above, small-sized wool powder particles,
with spherical morphologies, are obtained using the
three-stage milling method. This method of fabricating
wool nanopowder combines the pretreatment and design
of the milling parameters effectively.
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2.2 Chemical method

2.2.1 Oxidative and reductive methods

Wool fiber is a fibrous protein that consists of approxi-
mately 95% pure keratin [10]. The presence of a high de-
gree of disulfide cross-linkages, ionic and hydrogen
bonds and other bonds in wool keratin constraints the
polypeptide backbone. Traditional keratin extraction
methods of wool fiber, including reduction, oxidation,
and sulfitolysis, utilize the different properties of oxida-
tive and reductive agents to cleave disulfide bonds. The
extraction mechanisms are shown in Fig. 3.

For decades, oxidation methods have been performed
to extract keratin. The commonly used oxidative agent
is peracetic acid and performic acid. Pakkaner et al. [26]
reported the synthesis of wool keratin through peracetic
acid oxidation. In a typical process, 2% w/v wool/perace-
tic acid was dissolved at 37 °C. The oxidized fibers wre
then treated with a 100 mM tris-base solution, at pH
10.5, for 2 h. Finally, the keratin solution was centrifu-
gated, dialyzed, and freeze-dried. The spherical nanopar-
ticles, in sizes ranging from 15 to 100 nm, were obtained
at low protein concentration (5 mg/ml) in solution. The
molecular weights (MWs) of water-soluble oxidized
keratin proteins are between 23 and 33 kDa. Buchanan
et al. [27] used performic acid to fabricate keratin con-
taining cysteine and cysteic acid with low MWs.

The main advantage of the oxidation methods is that
the protein can be separated into a, P, and y keratose,
based on their different solubility at different pH [28].
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Furthermore, the obtained keratose exhibited high con-
tent of cysteine-S-sulfonated residues. The disadvantage
of this method is the low extraction yield and the high
process time.

As shown in the Fig. 3, the disulfide bonds can be dis-
rupted using thiol and sulfite. The commonly used thiol
is thioglycolate acid, and mercapto-ethanol (MEC).
Yamanaka et al. [29] extracted soluble wool keratin
using 0.2 M thioglycolic acid at 30°C at a pH in the
range 11-13. They reported that the yield increased with
the increase in pH and reaction time (pH <13). The
wool keratin maintains the chemical structure of wool.

Recently, Fitz-Binder et al. [30] were the first to obtain
wool keratin using the combination of calcium chloride
(CaCl,)-water-ethanol solvent and thioglycolic acid. The
effect of pH, reaction time and temperature of the dis-
solution of wool fiber were investigated. The results
highlighted that the dissolution was optimal when pH =
7.0, time =2h, and temperature =60°C. Up to 70% of
the wool keratin was dissolved in the solvent using this
method. The advantage of the mixed solution used in
this approach is that they can reduce the risk of hydro-
lytic degradation of wool keratin. After the formation of
wool keratin, the keratin solution directly solidified
under the heat-press, enabling the formation of a keratin
composite.

Yamauchi et al. [31] obtained wool keratin using MEC.
The typical process of thiol reduction preparation used
is as follows: The cleaned wool was mixed with 7M
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urea, sodium dodecyl sulfate (SDS), and MEC at 50°C
for 12h. The aqueous was maintained at neutral pH.
Next, the solution was dialyzed to get regenerated wool
keratin. They found that the surfactant accelerated the
wool keratin extraction, preventing the aggregation of
keratin polypeptide chains during dialysis. The MWs of
wool keratin was in the range 52—-69 kDa.

The preparation of wool keratin using thiol is highly
efficient at low temperatures. The regenerated keratin
can maintain the original structure of wool with a high
yield. However, the thiol is harmful to handle. Sodium
sulfite, a green chemical that can breakdown disulfide
bonds, was used to replace thiols. The mechanism of
keratin dissolution using sulfitolysis is shown in Fig. 3
Shavandi et al. [32] dissolved wool using 8 M urea and
sodium metabisulfite at 60 °C in 10 h. The wool keratin
powder was then obtained by filtration, dialysis, and
freeze-drying. The keratin extraction yield (41%) by sulfi-
tolysis method was lower than the thiol method, while
the physicochemical properties of the wool keratin were
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similar to those obtained using reduction methods using
thiol. The sulfitolysis method, adopting cheap and less
harmful chemical agents, has a significant industrial im-
pact on wool processing.

2.2.2 lonic liquids

Ionic liquids (ILs) with a low melting temperature have
been widely used to dissolve various biomass due to
their outstanding properties, including nonvolatility,
nonflammability, thermal stability, easy recycling, and
tunable structure [7]. Thus, a simple and eco-friendly
method to extract wool keratin can be developed. Sev-
eral research groups have attempted to fabricate wool
keratin with different ILs. The extraction of wool keratin
is generally based on a three-step process. The cleaned
wool fibers are first added into the ILs with a magnetic
stirrer, under nitrogen (N2) or air atmosphere. The dis-
solved wool keratin is then washed to remove any ionic
liquid. Finally, keratin powders were obtained by oven-
drying or freeze-drying.

Table 1 Characteristics of wool keratin dissolution conditions using the ILs method

Agent Dissolution conditions Solubility (%) Ref.
[BMIMIBr 130°C, 10 h, N, 20 [33]
[BMIM]BF,4 130°C, 24 h, N, Insoluble [33]
[BMIM]PFg 130°C, 24 h, N, Insoluble [33]
[BMIMICI 130°C, 10 h, N, 250 [34]
[AMIMICI 130°C, 10 h, N, 200 [34]
[AMIM] [dca] 130°C, 10 h, N, 22.5 [34]
[choline] [thioglycolate] 130°C, 10 h, N, 475 [34]
[BPyICI 130°C, 24 h, air Insoluble [35]
[P444]Cl 130°C, 24 h, air Insoluble [35]
[N4441CI 130°C, 24 h, air Insoluble [35]
[N555;]1DMP 130°C, 3 h, air Dissolution [35]
[EMIM]DMP 130°C, 1.5 h, air Dissolution [35]
[BMIM]OAC 130°C, 10 min, air Dissolution [35]
[BMIM]SCN 130°C, 15 h, air Dissolution [35]
[BMIM]FeCl, 130°C, 24 h, air Insoluble [35]
[BMIMIDMP 130°C, 1.5 h, air Dissolution [35]
[EMIM]DMP 130°C, 1.5 h, air Dissolution [35]
[DBNE]DEP 120°C, 3 h, air Dissolution [36]
[DBNM]DMP 120°C, 3.5 h, air Dissolution [36]
[DBNH]OAC 120°C, 0.33 h, air Dissolution [36]
[EMIM]OAC 120°C, 0.5 h, air Dissolution [37]
[EMIMICI 120°C, 0.5 h, air Dissolution [37]
[EMIM]DEP 120°C, 0.5 h, air Dissolution [37]
[HMIMICI 120°C, 0.5 h, air Partial dissolution [37]
[BMIM]DBP 120°C, 0.5 h, air Partial dissolution [37]
[BMIM]H,PO, 120°C, 0.5 h, air No dissolution in 0.5 h [37]
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Xie et al. [33] compared the influence of [AMIM] CI,
[BMIM] Cl, [BMIM] Br, [BMIM]BF,, and [BMIM]PF¢
on the solubility of wool fibers. The results showed that
the Cl- ion showed better solubility for wool fibers than
Br-, BF4-, and PF6-. The obtained wool keratin exhibited
a B-sheet structure with no a-helix structure. The regen-
erated keratin using ILs leads to a high thermal stability
compared with natural wool. They also demonstrated
that the [BMIM] Cl has the ability to significantly dis-
rupt hydrogen bonds in wool keratin/cellulose blended
materials.

Idris et al. [34] fabricated wool keratin with various
ILs, including [BMIM] Cl, [AMIM] Cl, [AMIM][dca],
and choline thioglycolate under an N2 atmosphere. The
results in Table 1 provide evidence that [AMIM][dca]
exhibited a high solubility of 47.5%. Compared with
other ILs, which are most commonly used in biopolymer
extraction, the main advantage of [dca] is that it can dis-
rupt the hydrogen-bonding in the protein aggregates.
The authors added a reducing agent to the ILs to facili-
tate the dissolution of wool fibers. The results demon-
strated that the reducing agent could increase the
dissolution of the wool by 50-100 mg/g. The authors at-
tributed the improved solubility to the cleaving of the in-
ter- and intra-molecular disulfide bonds caused by the
reducing agent. The MWs of the regenerated keratin
range from 15kDa to > 120 kDa, confirming that the ILs
had cleaved the protein into smaller polypeptide chains.
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The regenerated wool keratin with decreased crystallin-
ity retained the protein backbone.

Zheng et al. [35] synthesized various ILs to investigate
the influence of structures of cations and anions on dis-
solution capability for wool fiber. As listed in Table 1,
the dissolution time is shortened to 10 min when using
[EMIM]OAc. However, the structural and thermal sta-
bility of the regenerated wool keratin were damaged. Al-
though [EMIM] DMP needed 1.5h to dissolve the wool
fibers, the proportion of a-helical structure in the regen-
erated keratin was as high as 78.7%. The wool keratin
fabricated using [EMIM] DMP demonstrated high ther-
mal stability and good reusability. This simple and ef-
fective method exhibited potential for the fabrication of
wool keratin.

Liu et al. [36] synthesis a series of [DBNE] ILs with
different anions to dissolve the wool fiber in an atmos-
phere of air. The regenerated keratin from the [DBNE]
DEP ILs exhibited a crystallinity of 60.99% and an o-
helix of 57.88%, which was higher than [DBNE] DEP
and [DBNH]OAc. They proved that the [DBNE] DEP
could be easily reused at least five times with stable
structures and good dissolving ability.

While ILs satisfy the demands of good solubility for
wool fiber, some of them could not guarantee the
strength of regenerated keratin materials. Zhang et al.
[37] studied the disulfide bonds and microstructure vari-
ation of regenerated wool keratin during the dissolution
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Fig. 4 Disulfide bonds and free sulfhydryl groups content of wool keratin regenerated from different ILs (120 °C, 30 min) [37]. Reprinted with
permission from Reference [37]. Copyright 2017, American Chemical Society
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process for designing efficient ILs. As shown in Fig. 4,
for the ILs incorporating [BMIM]+, the order of the abil-
ity to cleave the disulfide bonds followed [OAc]- > CI- >
Br- > [DBP] - > [H2PO4] -. The disruption ability of -S-
S- in keratin regenerated from [EMIM] + based ILs
followed the order of [OAc]- > Cl- > [DEP]- > [DMP] -.
Moreover, the imidazolium-based ILs showed a higher
ability to cleave disulfide bonds than quaternary ammo-
nium and phosphonium ILs. The authors claimed that
the wool fibers are considered to be well dissolved when
over 65% of the disulfide bonds are cleaved in the ILs.
Meanwhile, optimal ILs with a disulfide bond cleaving
ability of 70-80% can avoid the severe breakdown of
keratin microstructure, making it suitable for fabricating
keratin materials with good mechanical properties.
Generally, the extraction of wool keratin using ILs
needs to be performed in an N, atmosphere due to the
hygroscopic nature of ILs, which needs expensive equip-
ment. Another drawback is the limited reusability of ILs,
increasing the cost of keratin extraction. According to
the above discussion [35-37], properly designed of ILs
have proved to be able to dissolve wool fibers efficiently
with high protein yield under the atmosphere of air. The
disruption of hydrogen and disulfide bonds is signifi-
cantly related to the polarity of ILs. Therefore, the struc-
ture of anions and the cations should be considered in
designing of ILs, rather than the slide chains of cations.

2.2.3 Deep eutectic solvent and other methods

Deep eutectic solvents (DES) have been used as alterna-
tive solvents for ILs in some cases owing to their similar-
ities in physical properties with ILs, particularly their
potential as tunable solvents that can be customized to a
particular type of chemical reagent. Wang et al. [38] ex-
tracted wool keratin in the mixture of choline chloride/
oxalic acid (DES solvent). The optimized dissolution
conditions were as follows: Choline chloride/oxalic acid
molar ratio 1:2; wool-DES 5wt.%, 110-125°C, and 2h
reaction time. X-ray diffraction analysis highlighted that
the wool fibers were decrystallized because of the use of
the DES solvent. The as-prepared keratin had MWs ran-
ging from 3.3-7.8 kDa, further confirming the good dis-
solution ability of DES solvents. Furthermore, the wool
keratin fabricated using DES method has amino acid
compositions similar to those of the wool fiber. Jiang
et al. [39] replaced oxalic acid with urea as a co-solvent
in the DES. They highlighted that the dissolution ability
of wool fiber improved to 35.1 mg/g using DES at
optimum conditions. The regenerated keratin in the
MWs is in the range 43—-67 kDa. The choline chloride/
urea mixed solvent was found to have a higher solubility
of high-tyrosine and low-sulfur keratin that high-sulfur
keratin. Most of the a-helix crystal structure changed to
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a B-sheet or disordered structure during the extraction
process.

Compared with traditional extraction methods, the ad-
vantages of the DES method are that the solvent is low-
cost, biocompatible, and environmentally friendly, and

specifically, the process has a low extraction
temperature.
Lyu et al. [40] prepared size- and morphology-

controlled wool nanoparticles using the neutralization
method and addressed the associated mechanisms for
regulating the shape and size of wool nanoparticles. The
well dispersed and stable wool nanoparticles with a size
of 50 nm were obtained by the addition of 3% sodium
hydroxide solution. XRD analysis demonstrated that the
obtained wool nanoparticles maintained the chemical
structure of the wool protein.

Wang et al. [41] extracted the wool keratin using L-
cysteine as a reducing agent to dissolve the wool keratin
better. The L-cysteine exhibited excellent solubility of
72%, greater than other methods. The MWs of the ob-
tained keratin were in the range 40-55 kDa. The results
demonstrated that the regenerated keratin exhibited an
increased p-sheet structure with a decreased o-helix
structure. An appropriate mechanism of the formation
of wool keratin was proposed. The disulfide link was
cleaved by either oxidization, or can, in part, form a new
disulfide bridge.

He et al. [42] reported the use of ethanol as a co-
solvent to weak the salt bond and hydrogen bond in
wool fiber. The wool fiber dissolved in the L-cysteine
hydrochloride, odium sulfite (Na,SO3), and ethanol solu-
tion yields up to 67% keratin and is more efficient for
extracting large molecular weight keratin (130 kDa). This
enhancement was attributed to the incorporation of
ethanol, which facilitated the recombination of intermo-
lecular -SH. This new avenue for the extraction of wool
keratin is advantageous owing to its simplicity, stability,
and high yield.

3 Current applications of wool particles

Wool particle, a kind of fibrous protein, which exhibits
higher stability in comparison with most of the proteins.
In this section, we focused on the applications of wool
particles. At present, wool particles could be as textile
materials, filtration adsorbents, cosmetic materials, and
biomaterials, as shown in Fig. 5.

3.1 Wool particle-based textiles
Wool particles exhibit good capacity for moisture ab-
sorption, retention, and stability, and can be used as
coating and modifying agents in textile processing.

Wool particle-based materials have received attention
due to their ability to improve dyeing properties upon
application as surface layers, fillers, or dyeing media for
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natural and synthetic polymers. Kantouch et al. [43] fab-
ricated a keratin-coated wool fabric using epichlorohy-
drin as the cross-linking agent. They observed that the
as-fabricated wool fabric exhibited enhanced dyeability
with respect to acid and reactive dyes. Ke et al. [44] pro-
duced wool powder/chitosan composite membranes and
reported that wool powders were necessary for an im-
provement in the water resistance and dyeing properties
of chitosan. Incorporating wool powder into synthetic
polymers could also improve the moisture absorption
and dyeing properties of viscose and PP [45-47]. In

addition, wool keratin hydrolysates were for the first
time used as a foaming agent in the dyeing of wool and
cotton fabrics [48]. The role of hydrolyzed keratin is to
convey the dye molecules during the dyeing process as
illustrated in Fig. 6. Results showed that the foam-dyed
cotton fabric yielded a K/S value that was similar to
those observed for conventional padding samples. The
foam-dyed wool fabric yields a higher K/S value as com-
pared to that of the traditional pad steam. The
utilization of hydrolyzed keratin as a foaming agent is a
promising method of dyeing due to its favorable qualities

o
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(0]

Hydrolyze
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Fig. 6 Hypothetical mechanism for foam dyeing of cotton and wool fabric using keratin hydrolysate [48]. Reprinted with permission from

Reference [48]. Copyright 2017, American Chemical Society
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of low-cost, good foam stability, energy-saving capacity,
and environment friendliness.

Wool particles are commonly considered by re-
searchers as fillers for the attainment of composites with
good moisture permeability. Wool powder/PU compos-
ite film was clearly found to significantly improve water
vapor permeability and moisture regain [49]. In addition,
wool powder could improve the ability to absorb mois-
ture and formaldehyde of PVA composites [24].

Wool particles are also used as reinforcing fillers in
the obtainment of composites with high mechanical
properties. The 2 wt% wool powder/PPC composites ob-
tained through solvent evaporation and hot-compression
indicated an improvement in the mechanical properties,
glass transition performance, and thermal decomposition
temperatures [50].

The use of surface treatment to improve the anti-
felting of wool has received particular attention. Keratin
has been deposited as a coating on wool fabric through a
combination of L-cysteine pretreatment and wool kera-
tin cross-link fixation [51]. The anti-felting finishing
process is illustrated in Fig. 7. The authors demonstrated
that wool fabric possessed good anti-felting capacity by
using keratin recycled for the tenth time. The surface of
the processed wool fabric was found to be similar to that
of the original wool fabric. Moreover, the wool keratin-
treated wool fabric has the advantages of improved
hydrophilicity, whiteness, softness, and dyeability, as
compared to those of the untreated wool fabric. The
main advantage of this method is the environment-
friendliness of keratin and its capacity to be reused as
the finishing agent at least 10 times. Jia et al. [52]
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developed a novel anti-shrink finishing agent using kera-
tin. The anti-pilling grade of keratin-treated wool fabric
reaches up to 4.5.

Wool keratin hydrolysate can be used to improve ex-
haustion in the leather tanning process. Keratin has the
ability to react with chromium and further enhance the
uptake of chromium by leather. In addition, keratin can
be used with retanning agents to improve the grain
smoothness and softness of leathers [5]. All these studies
suggest that keratin-based materials exhibit a wide range
of applicability as a functional finishing agent.

3.2 Wool particle-based biosorbent
Regenerated wool particles have been demonstrated as
suitable potential sorbents due to their high surface ac-
tivity, large surface area, and low density. Wool particle-
based materials are commonly used to adsorb dye efflu-
ents, heavy metals, and toxic gases.

Dyes are an essential requirement in various signifi-
cant industries such as tannery, paper, and textile indus-
tries because of their color-giving properties. Due to its
low-cost and eco-friendliness, physical adsorption is one
of the most important methods of removing dyes from
wastewater. To address the issue of dye, Wen et al. [53]
fabricated wool powder with a particle diameter of
45pum for the purpose of absorbing acid dyes and
methylene blue. The methylene blue sorption capacity of
wool powder was 142.9 mg/g, while that of the activated
charcoal was 0.024 mg/g; these results indicated good
dye absorption. Due to the electrostatic force between
acid dyes and wool powders, the C.I. acid red 88 sorp-
tion capacity of wool powder was 555.6 mg/g. Wool

Wool fabric HS "SOH

A ALl

® ( NH, )
Na,CO;, 60 C, 1 h, Air dry
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with permission from Reference [51]. Copyright 2020, Elsevier
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Fig. 7 Schematic diagram for the anti-felting treatment of the wool fabric and recycle use of the extracted keratin polypeptides [51]. Reprinted
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powder exhibited the capacity to be a good dye sorbent
with excellent acid dye absorption capacity at room
temperature. Furthermore, Glafar et al. [54] demon-
strated that the use of wool powders modified with citric
acid monohydrate improved the efficiency of methylene
blue removal from 75 to 86%. On the other hand, Aluigi
et al. [55]. fabricated highly porous keratin nanofibrous
through electrospinning. Free-standing and flexible kera-
tin membranes demonstrated good adsorption of methy-
lene blue. The authors proposed the potential
application of keratin nanofibrous membranes as dye ad-
sorption filters.

The presence of heavy metal ions in wastewater is an-
other serious problem that could cause biological haz-
ards. The metal iron adsorption of wool proteins was
closely related to their morphology. The most crucial as-
pect of an adsorbent is its adsorption capacity. The
metal-ion adsorption capacities of various keratin-based
materials were compared in Table 2. El-sayed et al. [56]
reported that wool powder exhibited significantly higher
Cu (IT) and Zn (II) adsorption capacities than that of
wool fiber (approximately three-fold). Wool powders
demonstrated a relatively better ability to remove Cu
(II), which was attributed to the strong interaction be-
tween Cu (II) and wool. The author found that wool
powder could sustain its ability to absorb Cu (II) and Zn
(IT) after four cycles of absorption/desorption. Naik et al.
[57] also found that the Cu (II) uptake rate of the wool
powder was significantly higher than that of the wool
fiber (approximately 42-fold). They demonstrated that
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after pretreatment with 4% sodium salt, wool powder
(approximately 4.6 pm) exhibited a seven-fold increase
in Co (II) adsorption as compared to that observed for
the wool snippets (approximately 500 pm), because the
Co (II) exhibited a weak binding affinity for wool fiber.
Among keratin-based materials, keratin solution dis-
played the lowest percentage of ion removal [58]. Com-
pared with the keratin nanofiber membrane fabricated
by Aluigi et al. [59, 61, 62] the keratin/polymer compos-
ite showed enhanced adsorption of metal irons. Aluigi
et al. revealed that keratin/PVA nanofibers exhibited a
high capacity to adsorb Cu (II). The adsorption capacity
of keratin/PVA nanofibers increased when the surface
area of the nanofiber mats was increased. Jin et al. [63]
proposed that the adsorption removal of Cr (VI) was
mainly a result of the electrostatic adsorption of the
amino acids and the redox reaction of disulfide bond in
cystine oxide. The development of the wool keratin/PET
composite may have significant potential for application
in Cr (VI) removal.

Li et al. [64] developed an eco-friendly air purification
filter using keratin/PEO nanofibers. The filtration effi-
ciency of keratin/PEO-based nonwoven polypropylene
(PP) fabric reached up to 88%, which is higher than that of
the two-layer nonwoven PP fabric (only 2.5%). In addition,
Shen et al. [65] found that the keratin/polyamide-6 com-
posite nanofiber membrane improved air filtration effi-
ciency and water-vapor transmission. These research
studies revealed that wool keratin could be a promising
material for the fabrication of novel filter materials.

Table 2 Metal ions adsorption performances of various wool particle-based materials

Sample lons Adsorption capacity (mg/q) Initial ions concentration (mg/L) Ref.
Wool powder Cu () 1221 100 [56]
Wool powder Zn (I 73 100 [56]
Wool powder Co (N - - [57]
Wool powder Cu (Il - - [57]
Wool powder Cd (I - - [57]
Keratin solution cd () 0.73 16.86 [58]
Keratin solution Cu () 0.55 9.52 [58]
Keratin solution Ni (1) 0.48 88 [58]
Keratin solution Zn (1) 0.46 9.81 [58]
Keratin nanofibers Cu (Il) 30 20 [59]
Keratin nanoparticles Cu (Il) 50 100 [60]
Keratin nanofiber membrane Cu (Il) 11.03 50 [61]
Keratin nanofiber membrane Cu (I 4 582 [61]
Keratin/PA6 (90/10) blend nanofibers Cu () 103.5 35 [62]
Keratin/PA6 (70/30) blend nanofibers Cu (I 90 35 [62]
Keratin/PA6 (50/50) blend nanofibers Cu (Il 61.7 35 [62]
Keratin/PET nanofiber membrane Cr (V1) 75.86 100 [63]
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3.3 Wool particle-based cosmetic materials

Wool keratin-based cosmetics have been reported to be
used as hair and skin care products due to their numer-
ous merits including smoothness, luster, softness, elasti-
city, and protective efficacy. Barba et al. [66] found that
wool keratin could improve the moisture absorption and
desorption capacity of bleached hair. In addition, they
evaluated the water barrier function of the skin after the
use of wool keratin peptides [67]. The results showed
that the skin exhibited an improved water holding cap-
acity and elasticity after the use of wool keratin peptides.
Bayramoglu et al. [68] stated that keratin/Calendula ex-
tract emulsions could be entirely absorbed by the skin
and did not leave any waste on the skin surface. As men-
tioned above, wool keratin was demonstrated as being
versatile for the fabrication of cosmetic materials.

3.4 Wool particle-based biomaterials

The wool keratin-based composites integrate the physi-
cochemical and biological properties of both materials,
rendering them ideal for tissue engineering, wound
dressings, biomedical applications, drug-delivery sys-
tems, bio-inks, and bioplastics, as shown in Fig. 8.

The structure of wool keratin is similar to that of colla-
gen, rendering it a possible choice for tissue repair appli-
cations. As the first line of defense, skin is prone to
damage in fire and traffic accidents and has limited self-
healing ability. A moist environment around the wound,
good ventilation to stimulate cell growth, and low bacter-
ial load are conducive to proper wound recovery. It is
common knowledge that open wounds promote microbial
growth. To address this issue, Aluigi et al. [69] first fabri-
cated wool keratin doped with a methylene blue film using
a solvent casting method. Up to 99.9% of Staphylococcus
aureus (S. aureus) with concentration of 108 cfu/mL were
successfully annihilated using the wool keratin-based film
under visible light. In yet another endeavor to prevent mi-
crobial growth, keratin/ionic liquid/PAN nanofibrous
membranes exhibited a good water transport capacity and
an effective antibacterial activity against Escherichia coli
(E. coli) and S.aureus [70]. The proliferation of cells in the
wound area could promote the rapid repair of injured
skin. Introduction of gelatin and sodium alginate into
keratin via the casting method resulted in a composite
film with good thermal, mechanical, cell proliferation,
swelling, and antibacterial properties, thereby promoting
faster cell growth in the wound area [74]. In addition,
keratin-based materials were found to support hBM-
MSCs, mouse fibroblast, PC1,, HOS, MEFs, and adult
mammalian skin cells [71, 72, 75-77]. Moreover, wool
keratin was found to be a possible choice for application
in drug release and delivery systems for personalized
wound or tissue repair. The ornidazole has strong inhibi-
tory and deadly effects against most anaerobes. In
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particular, 1% ornidazole/PLGA/keratin membrane exhib-
ited drug release characteristics and biodegradability
in vitro, and could promote the growth and proliferation
of hPDLFs, resulting in the treatment of periodontal dis-
ease and repair of periodontal defects [78]. Giuri et al. [79]
used non-woven keratin/hydrotalcites to fabricate drug
delivery systems and scaffolds for fibroblast cell growth.
The non-woven keratin/hydrotalcites exhibited good bio-
compatibility and a controlled diclofenac release, thereby
facilitating the growth of fibroblast cells.

The thermoplasticity and biocompatibility of keratin is
conducive to its production of tissue-like structures that
are used in bio-ink printing; these properties are ex-
pected to facilitate tissue construction and host tissue in-
tegration, such as vascularization and cell infiltration
[28]. This provides a novel method of printing and weav-
ing tissue structures using biomaterials. Furthermore,
wool particles have also been used in the preparation of
environment-friendly bioplastics. Wang et al. [80] fabri-
cated a hot-pressed wool powder film mixed with plasti-
cizer glycerol. The as-prepared wool film was ductile
and soft, which can be used as a bioplastic for packaging
applications. Arlas et al. [73] used glycerin and SDS to
plasticize the keratin film. The resulting bioplastic exhib-
ited a good transparency, a large UV barrier capacity, an
excellent thermal stability, and decent mechanical prop-
erties. It was also potentially applicable in regenerative
medicine, coatings, and packaging.

4 Conclusions and outlooks

In this study, we present a comprehensive review of the
utilization of wool waste. We focused on the mechanical
and chemical recycle methods along with associated for-
mation mechanisms, their structure, properties, and
promising applications. Despite that the remarkable de-
velopments of wool particle and wool particle-based
composites have been reviewed in this paper, some is-
sues and challenges are also needed to be addressed in
large-scale production.

As a rapid, simple, and high-efficiency approach to
wool powder production, the mechanical method can
maintain the structure of the protein. More importantly,
the yield from the mechanical method is high; some can
even reach 100%. The pretreatment, temperature, pres-
sure, and milling time are essential to control the shape
and size of the wool powders. As discussed above, pre-
treatment of wool fibers with steam or chemical reagents
can further reduce the particle size of wool powders.
However, the production of nanowool powder with
regular shape, particularly spherical particles using the
mechanical method, is challenging. At present, the main
goal is to combine milling methods with other pretreat-
ments to eliminate their limitations and disadvantages.
Additionally, the interfacial interaction between wool
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Fig. 8 (a) Keratin films doped with methylene blue and its antimicrobial test; (b) Antibacterial test of wool keratin/IL/PAN composite; (c)
Morphologies and live/dead fluorescent assay of keratin hydrogel; (d) Wool keratin 3D scaffolds with light-triggered antimicrobial activity; (e)
Keratin bioplastic films and the weight of degraded bioplastic after 5 days at composting conditions for the four representative materials [69-73].
Reprinted with permission from Reference [69]. Copyright 2015, American Chemical Society. Reprinted with permission from Reference [70].
Copyright 2020, Elsevier. Reprinted with permission from Reference [71]. Copyright 2014, Elsevier. Reprinted with permission from Reference [72].
Copyright 2016, American Chemical Society. Reprinted with permission from Reference [73]. Copyright 2019, Springer Nature

powder and polymer matrix need to be improved to en-
hance the mechanical property of wool powder-based
composites.

Wool keratin is a kind of fibrous protein to be
exploited for the design of advanced biomaterials, due to
its physical properties, biocompatibility, and biodegrad-
ability. A critical challenge with wool keratin is the reli-
able and environmentally friendly extraction method.
Another challenge is that the MWs and yield of wool

keratin can be controlled in mass production to obtain
wool particle-based composites with high mechanical
properties.
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