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Abstract For the first time, pure protein fibers with good
mechanical properties were obtained from waste wool after
effective de-crosslinking and disentanglement of the highly
crosslinked keratin. Every year, more than 1.6 billion pounds
of wool keratin-based materials were discarded. Effort has
been devoted to convert the keratin resources into high
value-added products, especially fibers. In 1940s, pure ker-
atin fibers had been developed from feathers. However, after
trying the method, we found the results were not repeatable
and did not find any other successful repetition. So far, no
effective dissolution and spinning methods have been
developed to obtain pure keratin fibers with potential for real
applications. In this research, keratin with preserved back-
bones after de-crosslinking was obtained. Subsequently,
surfactant endowed the keratin with satisfactory stretch-
ability for fiber spinning. Fibers of 20 pm with good tensile
strength were successfully developed. The technology could
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be applied onto other highly crosslinked proteins, including
feather keratin from poultry industry, sorghum protein and
soy protein in bioenergy co-products for production of var-
ious industrial products.

Introduction

Fiber industries are encountering problems of shortage and
non-sustainability of resources [1]. The global fiber pro-
duction of 85.8 million tons in 2012 mainly consisted of
about 59 % of oil-derived synthetic fibers and 35 % of
cotton [2]. The increasing world demand for fibers could
not be satisfied, since the petroleum resource is depleting,
while the production of cotton is not increasing [3].
Moreover, dependence on petroleum remains another
obstacle for sustainable development of fiber industries.
Therefore, it is urgent to seek low-cost renewable raw
materials for sustainable fiber production.

Waste wool could meet requirements for fiber spinning
in terms of both availability and technical feasibility.
Waste wool could be mainly obtained from textile pro-
cessing, discarded wool textiles, meat goats, and sheep.
First, wool textile processing, especially scouring, carding,
combing, yarn spinning, generated large quantities of waste
wool that were too short for direct textile processing [4].
Secondly, about half of the 490 million pounds of used
wool textiles were discarded as municipal solid wastes, and
ended up in incineration or landfill [4, 5]. Thirdly, the
global meat goats and sheep annually generated up to 1.1
billion pounds of short and coarse fibers, which usually
could not be fabricated into high value-added products in
textiles [6]. Wool contains about more than 80 wt% of
keratin with molecular weight higher than 10 kDa, which
was the premise for fiber spinning [7].
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Much research has been done on converting waste wool
and other keratin-based wastes into valuable materials [6].
Waste keratin has been pulverized into powders for further
processing [8, 9], developed into films and lightweight
composites [10, 11], chemically modified into thermo-
plastics and adsorbents [12, 13], or converted into textile
sizes [14]. However, fiber spinning was a less studied
approach. Spinning of fibers had much higher standards in
terms of molecular weights, linearity of molecules and
drawability of the solution than production of films and
other non-fibrous structures.

To the best of our knowledge, no effective method has
been developed to produce regenerated keratin fibers. In
1940s, several reports had been published on developing
pure keratin fibers from chicken feathers via wet spinning
[15-17]. However, mechanical properties of the fibers were
not reported. Nevertheless, we could neither repeat the
results from the experiments, nor find any other reported
successful repetition of the methods. In 2000s, U.S.
Department of Agriculture had investigated funds on con-
verting chicken feathers into industrial products, including
fibers [18, 19]. However, no report regarding successful
production of keratin fibers were found. The latest report
regarding spinning of pure regenerated keratin fibers was
via ionic liquid dissolution in 2008 [20]. Fan dissolved
feather keratin in ionic liquid for wet spinning [21].
However, the obtained fibers showed tensile strength as
low as 0.2 g/denier. In addition, keratin has been spun into
fibers via blending with polyethylene oxide [22], cellulose
acetate [23], cellulose [24], silk [25, 26], poly-3-hydro-
xybutyrate-co-valerate [27], etc., as well as extruded with
plasticizers [28, 29]. So far, imparting sufficient spinna-
bility to pure keratin remained challenging.

To solve this problem, suitable dissolution methods
should be used to disentangle and align the linear keratin
molecules. Current dissolution methods were summarized
here. Alkaline treatment randomly destroyed backbones and
disulfide bonds in keratin, and resulted in short molecules
that could not be spun solely [30]. Extraction of feather
keratin with thiol could maintain the molecular backbones
while dissociating the disulfide crosslinks. However, fibers
could not be fabricated if the extracted linear keratin
remained highly entangled in solution [31]. Moreover, most
widely used thiols, such as mercaptoethanol and dithiothre-
itol, were either harmful to the environment or too expensive
for large-scale use. Sodium sulfites could also reduce keratin,
but might have lower yield than thiols, such as cysteine [32].
In addition, dissolution with ionic liquids resulted in coarse
fibers with diameters of 75-110 pm, inferring poor keratin
spinnability [21]. Formation of thick fibers could be because
the obtained keratin was not linear in solution since ionic
liquid mainly interrupted hydrogen bonds instead of disul-
fide bonds for crosslinking [33].
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In this research, linear keratin with preserved backbones
was obtained by breaking disulfide bonds connecting the
keratin networks in wool. Strong surface electrical repul-
sion induced by addition of SDS led to controlled disen-
tanglement and alignment of keratin molecules. The
obtained fibers with diameters less than 20 pm verified
good drawability of the keratin solution. Influence of
additional alkaline treatments on mechanical properties of
keratin fibers was also investigated.

Materials and methods
Materials

The wool fibers supplied from Brown Sheep Company
(Mitchell, NE) were used because they were the major
materials in wool-based municipal solid wastes. Sodium
dodecyl sulfate (SDS, 99.0 %) was supplied by Hoefer
Inc., San Francisco, CA, USA, and urea (99.0 %) was
purchased from Oakwood Chemical Inc., West Columbia,
SC. Coomassie Brilliant Blue R-250 (Proteomics Grade)
was purchased from EMD Chemicals Inc., Gibbstown, NJ,
USA. Other chemical reagents used in SDS-PAGE ana-
lysis, including LDS 9 sample buffer (4x), NuPAGE 20x
MES running buffer and NuPAGE 4-12 % Bis—Tris gel,
were from Invitrogen. Inc., Grand Island, NY. Cysteine
(98.0 %) was purchased from Amresco LLC., Solon, OH.
Calculation of concentrations took purity of chemicals into
consideration.

The chemicals used in fiber spinning could be poten-
tially green and sustainable, because they were either
derived from renewable resources or could be reused. After
extraction of wool keratin, urea could be easily recycled
[34]. Cysteine, a standard amino acid with considerable
reducibility, was an environmentally benign reductant, and
could be commercially produced via fermentation [35].
SDS was synthesized from lauryl alcohol based on sulfur
trioxide gas treatment. The lauryl alcohol was usually
obtained after hydrolysis of vegetable oils, such as coconut
oil or palm oil [36].

Controlled disintegration of disulfide crosslinks in wool
keratin

The weight ratio of 8 M urea solution to wool of 17:1 was
used to completely immerse wool, and the treatment tem-
perature was 70 °C. Ten wt% of cysteine (based on wool
fibers) was added into the solution. The pH was adjusted to
10.5 using 50 % NaOH solution. After 24 h, dispersion of
wool in 8 M urea was centrifuged at 15000 rcf for 20 min
to precipitate undissolved wool residue. The supernatant
was adjusted to pH 4 using hydrochloric acid and sodium
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sulfate to precipitate dissolved keratin. The keratin pre-
cipitate was washed three times with distilled water under
centrifugation of 15000 rcf for 20 min. The collected
keratin was dried at 50 °C and pulverized using a mini
Wiley mill with 20 mesh.

To study the influence of molecular weight on the
mechanical properties of wool keratin, sodium hydroxide
solutions of 0.05, 0.1, 0.25, and 0.5 % were used to treat
the extracted wool keratin under 50 °C for 30 min at a
liquor ratio of 10:1. The solutions were then neutralized
using hydrochloric acid to pH 4 to precipitate the hydro-
lyzed keratin. The keratin precipitate was washed three
times with distilled water under centrifugation of 15000 rcf
for 20 min. The collected keratin was also dried at 50 °C
and pulverized using a mini Wiley mill with 20 mesh.

SDS-PAGE

About 1 mg of extracted keratin from each treatment was
dissolved in 100 uL NuPAGE® LDS Sample Buffer (1x),
heated at 70 °C for 10 min and left standing at room
temperature for 2 h. The solution was vortexed prior to
loading. For each sample, 8 pL of solution was loaded into
each slot of the gel. After electrophoresis, the gel was fixed
in 65 % isopropyl ethanol/10 % acetic acid solution for
30 min, stained with 0.6 % Coomassie Brilliant Blue
R-2501in 10 % acetic acid for 2 h at room temperature, and
then destained using 10 % acetic acid until a clear back-
ground could be observed. The molecular weights of pro-
tein standard mixture ranged from 3 to 188 kDa.

Viscosity

Intrinsic viscosity of the extracted wool keratin and
hydrolyzed keratin was determined according to ASTM
standard D 2857 at a temperature of 25.0 &= 0.1 °C. An
Ubbelohde capillary viscometer (size: 68b, capillary
diameter: 0.55 mm) was used. The solvent was 0.3 M so-
dium carbonate buffer at pH 9.5.

Relative viscosity was conducted to investigate the
effect of SDS addition on expansion and disentanglement
of keratin molecules. About 16.7 % of extracted wool
keratin and 5, 7.5, 8.75, 9.38, 10, 12.5, 15, 17.5, and 20 %
of SDS (based on the weight of keratin) were mixed and
dissolved in 0.3 M sodium carbonate-sodium bicarbonate
buffer at pH 9.5. The solution was heated at 90 °C for 1 h.
SDS solution under the same conditions without keratin
was prepared as control. Apparent viscosity of the keratin
solution and SDS solution was measured using a rotary
rheometer (Brookfield, model R/S Plus, Middleboro, MA)
with a CC25 DIN measuring system under the mode of
CSR. About 25 g of solution was used for each test. The
spindle and cup were immersed in a water bath at 90 °C

throughout the test. The shear rate was set at 300 s~ ' and
the duration of each test was 1800 s. The relative viscosity
was calculated by dividing the viscosity of solution by that
of relevant SDS solution. Three specimens were tested for
each condition.

Wet spinning of keratin fibers

Spinning dopes were prepared by adding 30 wt% of wool
keratin and 10 wt% of SDS (based on weight of keratin) in
0.3 M sodium carbonate-sodium bicarbonate buffer (pH
9.5). The spinning dope was then allowed to age for 24 h at
room temperature to enable full disentanglement of poly-
peptides. Before spinning, the solution was heated in water
bath at 90 °C for 1 h. The fibers were then drawn manually
into coagulation bath containing 10 % methanol and 10 %
acetic acid. The fibers were washed in distilled water and
dried under ambient conditions, then heated at 150 °C for
2 h and drawn manually twice and annealed at 120 °C for
1 h. The fibers were balanced in 21 °C and 65 % Relative
humidity for 24 h prior to any test.

Morphological analysis

Scanning electron microscope (SEM, S3000 N, Hitachi
Inc., Schaumburg, IL, USA) was employed to analyze the
morphology of regenerated keratin fibers. Keratin fibers
were sputter-coated with gold/palladium and observed at a
voltage of 15 kV. Digital photos were also taken to com-
pare the appearance of natural wool fibers and regenerated
keratin fibers.

Tensile properties

Before tensile tests, fineness of the keratin fibers was
measured in terms of denier, representing the weight of
9000 m of fibers in grams. Tensile properties of fibers in
terms of breaking tenacity and breaking elongation were
tested using an Instron tensile testing machine (Norwood,
MA) according to ASTM standard D 3822. In the test, a
gauge length of one inch and crosshead speed of
18 mm min~! were used. For each condition, about 30
specimens were tested. Wet strength of keratin fibers was
determined immediately after immersing the fibers in water
at room temperature for 30 min.

Crystallinity analysis

X-ray diffraction study was carried out on raw wool fibers,
extracted keratin powder and hydrolyzed keratin powder,
and relevant keratin fibers. The data was collected on a
Rigaku D/Max-B X-ray diffractometer with a CuKa radi-
ation type and Bragg—Brentano parafocusing geometry, a

@ Springer



7516

J Mater Sci (2014) 49:7513-7521

diffracted beam monochromator, and a conventional cop-
per target X-ray tube set (1 = 1.54 A) to 40 kV and 30 mA
at 26 °C. Diffraction intensities were recorded with
20 ranging from 3° to 40° at a scan speed of 0.05s .
Crystallinity index (CI), indicating the relative crystallinity
degree of fibers, was calculated using the following
empirical eq. 1 [37].

cr=l s (1)
Iy

where, CI is the crystallinity index; Iy is the maximum

intensity of crystal lattice diffraction with 26 at around 9°,

and 1,4 is the minimum diffraction intensity with the 20 at

around 14°. In general, higher the CI value indicates higher

crystallinity of the fiber sample.

Statistical analysis

All the data obtained were analyzed by the one-way ana-
lysis of variance with Scheffé test with a confidence
interval of 95 %. A p value smaller than 0.05 indicated
statistically significant difference. Standard deviations
were shown by the error bars in figures, and the data in the
figures labeled with different numbers or characters indi-
cated significant differences among each of them.

Results and discussion
Controlled breakage of disulfide crosslinks

Dissolution process of wool included swelling of keratin
macromolecules by urea and breakage of disulfide bonds
by cysteine. Difficulty in dissolving wool stemmed mainly
from their high crosslinking degrees, attributed to 10 % of
cysteine in keratin [38—42]. In the high concentration urea
solution, urea was inclined to disturb hydrogen bonds and
weaken the hydrophobic interaction between polypeptides,
and consequently exposed more polypeptides of wool
keratin to the solvent. And thus, reductant could react with
disulfide bonds within the peptide assembly. Comparing to
mercaptoethanol, which was widely used in developing
keratin-based biomaterials, the environmentally benign
reductant cysteine could be biologically produced on a
large scale.

As seen from Fig. 1, lane O is the standard protein
markers. Lane 1 is the raw wool, which did not dissolve in
sample buffer attributed to the highly crosslinked network
of keratin. Lane 2 is the extracted wool keratin with clear
bands at 8, 15, 45 and 50 kDa. Lanes 3-6 are the wool
keratin hydrolyzed under different alkaline concentrations.
From lane 3 to lane 6, only two bands indicating molecular
weights of around 8 kDa existed at the bottom. Other than
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Fig. 1 SDS-PAGE of extracted wool keratin indicating that the raw
wool was not soluble, the extracted wool keratin had major bands at
45 and 50 kDa, while the hydrolyzed wool keratin did not show
detectable bands at molecular weight higher than 10 kDa. Lane 0 is
the standard protein marker, lane 1 is raw wool, lane 2 is the keratin
extracted using 8 M urea at pH 9.5 for 24 h, lane 3, 4, 5, 6 are the
wool keratin hydrolyzed in sodium hydroxide solutions with concen-
trations of 0.05, 0.1, 0.25 and 0.5 %, respectively

Intrinsic Viscosity (dL/g)

0.5% 0.25% 0.1% 0.05% 0
Concentration of sodium hydroxide (wt%)

Fig. 2 Intrinsic viscosity of wool keratin increased as the treatment
conditions weakened. The first 4 bars represented wool keratin
hydrolyzed in sodium hydroxide solutions with concentrations of 0.5,
0.25, 0.1 and 0.05 % at 50 °C for 30 min with a liquor ratio of 10:1.
The last bar indicated with O represents wool keratin obtained from
the urea/cysteine solvent system

that, smear spread from top to bottom, indicating random
cleavage of polypeptides in the keratin under different
alkaline conditions. However, the smear of Kkeratin
extracted in 0.05 % alkaline was slightly darker than those
from the other three concentrations. The mild extraction
condition used for keratin in lane 2 did not seriously
destroy the backbones of wool keratin, and led to yield of
approximate 63 %. Considering the good extraction yield
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and preservation of molecular structures of keratin, it could
be suggested that the extraction method may be feasible for
large-scale production.

Intrinsic viscosity

Figure 2 indicates that intrinsic viscosity of the wool ker-
atin increased as extraction conditions weakened. It could
be observed that the intrinsic viscosity decreased as the
concentration of sodium hydroxide increased, suggesting
gradual weakening of intra- and inter-molecular interac-
tions among keratin macromolecules. Cleavage of more
keratin polypeptides in NaOH solution with higher con-
centrations created more short polypeptides with polar end
amine or carboxyl groups, and thus weakened molecular
interaction among keratin polypeptides.

Relative viscosity

SDS endowed keratin solution with spinnability by
enhancing disentanglement and alignment of macromole-
cules. Polymers usually entangled with each other in
solution. Spinnability indicated the capability of polymer
solution to elongate irreversibly under stretching. Optimal
fibers could be obtained if the entangled polymers were
unraveled and became aligned, while a small portion of
polymers were left hooked to each other.

Figure 3 demonstrates that the viscosity of keratin dis-
persion or solution first increased and then decreased as
concentration of SDS increased, achieved maximum vis-
cosity as SDS concentration reached 10 %. Further increase
in SDS concentration decreased viscosity to around one sixth
of the peak value. The SDS in the keratin dispersion deter-
mined the entanglement of macromolecules in the aqueous
environments. With low amount of SDS, the insoluble ker-
atin in water agglomerated instead of dissolved. The low
increase in viscosity of solution with SDS concentrations
from 5 to 9 % was mainly attributed to the low interaction
among water molecules. The sharp increase in viscosity from
8.75 to 10 % indicated enhanced interaction among protein
molecules, confirming the successful disentanglement of
keratin with high SDS concentration. However, further
addition of SDS from 10 wt% rapidly decreased viscosity. It
could be inferred that the remained entanglement among
keratin molecules may be completely dissociated by excess
SDS, while electrical repulsion among molecules was
increasingly enhanced, since more SDS could join existing
micelles on the surface of molecules. Breaking of entan-
glement and enhancement in molecular repulsion signifi-
cantly weakened molecular interaction as contacting area of
liberated molecules was further reduced. At this concentra-
tion, intensified interaction among SDS micelles on keratin
molecules may dominate the decrease of viscosity. In fiber

800

600 -

400 ~

Relative Vicosity

200

L
-—

5.0 7.5 100 125 150 17.5 20.0
Concentration of SDS (wt% of keratin)

Fig. 3 Influence of concentration of SDS on relative viscosity of
keratin spinning dope. The viscosity increased till the SDS concen-
tration reached 10 % and then decreased

Fig. 4 SEM images of a longitudinal and b cross-sectional views of
regenerated keratin fibers. The fibers with deep grooves along the axis
indicated typical morphologies of wet spun fibers and the smooth
cross-section indicated brittle fracture. (spinning conditions: 30 %
protein in 0.3 M carbonate-bicarbonate buffer, 10 % SDS based on
the weight of keratin, coagulation bath with 10 % methanol and 10 %
acetic acid)

spinning, low SDS concentration resulted in poor alignment
of molecules and thus unsatisfied drawability of polymers,
while high SDS concentration that led to weak interaction
among molecules could result in poor physical properties of
fibers. Therefore, the SDS of 10 wt %, at which concentra-
tion keratin molecules showed strongest interaction and
appropriate disentanglement was selected for fiber spinning.

Morphology in micro- and macro- scales

As shown in Fig. 4a, the regenerated wool fiber with uni-
form diameter of around 20 um had crenulations along the
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Fig. 5 Digital photos of raw wool fibers on the left and regenerated
wool keratin fibers on the right, indicating smaller diameters of the
regenerated keratin fibers than natural wool fibers

longitudinal axis, indicating the featured sheath-core
structures of wet spun fibers. In Fig. 4b, a fiber with
diameter of around 30 pm was intentionally selected to
demonstrate the morphological details. The cross-section
of the regenerated fiber was irregular and indented, sug-
gesting uneven shrinking of fibers during solidification of
fibers in the coagulation bath. In addition, the smooth
cross-section indicated brittle fracture of the fiber during
breakage. The small diameters of the fibers proved good
spinnability of wool keratin in the solution.

Figure 5 shows that the raw wool fibers on the left have
significantly bigger diameters than the regenerated wool
keratin fibers on the right. Therefore, the regenerated ker-
atin fibers with smaller diameters might have softer hand
than the raw wool fibers. The length of regenerated wool
keratin fibers could be longer than two meters, much longer
than the raw wool fibers. Therefore, continuous filaments
and multifilament yarns might be directly obtained in pilot-
scale production.
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Fig. 6 Effect of different alkaline treatments on the tensile proper-
ties, including dry and wet tensile strength of regenerated keratin
fibers. From left to right, wet spun fibers from un-hydrolyzed wool
keratin, wool keratin hydrolyzed in sodium hydroxide solutions with
concentrations of 0.05, 0.1, 0.25 and 0.5 % at 50 °C for 30 min with a
liquor ratio of 10:1. Different letters for each bar indicated significant
differences among them

Tensile strength

Mechanical properties of the regenerated keratin fibers at dry
and wet states are shown in Fig. 6. The dry tensile strength of
fibers from wool keratin with no alkaline treatment was
approximate 0.88 g/denier, which reached the lower limit of
tensile strength of natural wool fibers, and was significantly
higher than 0.79, 0.68, 0.52, 0.49 g/denier, that of fibers from
wool keratin hydrolyzed in sodium hydroxide solutions with
increasing concentrations. The wet tensile strength of fibers
of around 0.26 g/denier was not significantly different from
each other, and was still much higher than that of regenerated
soyprotein fibers, which was around 0.17 £ 0.03 g/denier
[43]. The better wet strength of keratin fibers could be
attributed to the remained crosslinks among the molecules.
The dry elongation of regenerated keratin fibers of about
10 % and the wet elongation of about 25 % were much lower
than that of other regenerated protein fibers. Comparing to
other reported keratin based materials (Table 1), such as
crosslinked films, blended films, and blended fibers, the
regenerated keratin fibers showed significantly higher tensile
properties and better extensibility. The results also could be
due to the better alignment of macromolecules in the keratin
fibers obtained in this work. Fig. 7 demonstrated typical
stress—strain curves of dry and wet fibers from 0.05 % NaOH
treated wool keratin. The elongation of fibers under wet state
was much larger than under dry state.

The regenerated wool fibers could be blended with wool,
cotton or synthetic fibers to make yarns and other industrial
products. Furthermore, mechanical properties of the fibers
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Table 1 Comparison of tensile strength and elongation of keratin-
based materials

Material Tensile strength Elongation  Reference
(MPa) (%)
Pure keratin fibers 101 £ 15 109 £ 2.9 This work
Keratin/chitosan film 34 + 10 T+2 44
Crosslinked keratin film 8§+2 8§+2 45
27+ 6 14 +£8
Compression molded 79 £2.7 1.1 £05 46
keratin film 278 +29 47407
Keratin-silk fibroin film 17.7 £ 4.7 1.2+£04 47
27.8 £ 6.5 23 +£0.6

Keratin-PVA (5:6) 87.8 £ 6.8 126 £32 48

blend fiber

0.7

g 0.6 Dry State

2 0.5

2

> 0.4

'g 0.3

3 0.2

|,_

0.1

0 1 2 3 4 5 6 7 8 9 10 11
Tensile strain (%)
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0.3

0.2
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Fig. 7 Typical stress strain curves of fibers from 0.05 % NaOH
treated wool keratin under dry and wet states

could be improved to meet the industrial standards via
many widely used approaches, such as chemical cross-
linking and nanoparticle filling in the future.

Figure 8 shows that the intrinsic viscosity and dry state
tensile strength have linear relation with a coefficient of
20.398 and r square of 0.94. This correlation indicated that
fibers composed of longer polypeptides showed higher
tensile strength. Higher intrinsic viscosity indicated longer
macromolecules in the spinning solution which led to
stronger interactions and as a result higher strength.

Crystalline structure
As shown in Fig. 9, the decreasing trend of CI was also in

accordance with the difference in tensile properties from raw
wool to regenerated fibers after hydrolysis in sodium

120+

1104 y=20.398x-49.043
R?=0.93996

100
90
80
70+
60
50
40

Dry State Tensile Strength (MPa)

30 T T T T
5.0 5.5 6.0 6.5 7.0 7.5

Intrinsic viscosity (dL/g)

Fig. 8 Simulated linear relation between dry-state tensile strength of
regenerated keratin fibers and intrinsic viscosity of wool keratin after
alkaline treatments in sodium hydroxide solutions with concentrations
of 0.05, 0.1, 0.25 and 0.5 % at 50 °C for 30 min with a liquor ratio of
10:1

7 227 Cl of fiber
7 XX CI of powder

0.4 % 7
0.3 4 § 7 7

0.2 4

0.5

Cl of fiber

N\
0.1+ § §

0.0

Raw Wool Keratin  Keratin

0.25% 0.5%

Keratin  Keratin  Keratin
0% 0.05% 0.1%

Fig. 9 Crystallinity indices of raw wool fibers and regenerated wool
keratin fibers and wool powders after hydrolysis in sodium hydroxide
solutions with concentrations of 0.05, 0.1, 0.25 and 0.5 % at 50 °C for
30 min with a liquor ratio of 10:1. The keratin powder showed even
lower CI value, indicating even lower crystallinity

hydroxide solutions with concentration of 0.05, 0.1, 0.25 and
0.5 %, respectively. The raw wool fibers had the highest
crystallinity index of around 55 %, which was consistent with
other reported results [49]. The keratin powder showed even
lower CI value, indicating even lower crystallinity. It was
suggested that the precipitated keratin in either form of pow-
ders or fibers could not completely reconstruct the tight
arrangement of polypeptides existed in the raw wool. It has
been proved in literatures that aqueous organic solvent
induced decline in alpha-helix and increase in beta-sheet [50].
Being precipitated in alcohol, much tighter molecular struc-
tures, probably beta-sheets, could be partially rebuilt in the
protein fibers, and resulted in better mechanical performances.
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Fig. 10 Typical X-Ray Diffraction spectrograms with peaks at 9°
and 20° showing typical alpha-helix configurations of raw wool fibers
and regenerated keratin fibers without extra alkaline hydrolysis

X-ray diffraction spectrograms of the raw wool and
regenerated keratin fibers are shown in Fig. 10. Since all the
regenerated keratin fibers had similar patterns, only the
pattern of regenerated fiber with no alkaline treatment was
selected. Both of the two spectrograms were typical dif-
fraction pattern of o-keratins with a prominent 260 peak at
20.2° and a minor peak at 9°, indicating the crystalline
spacing of 4.4 and 9.8 A, respectively [51]. Wider peaks
implied smaller crystalline structures in the fibers. It could
be observed that raw wool with larger peak at 9° than 20°
had more larger crystals, while the regenerated keratin fibers
with larger peak at 20° than 9° had more smaller crystals.

Conclusion
Effective dissolution of wool keratin was achieved via

cleavage of disulfide bonds while preserving the back-
bones, and verified through successful spinning of
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regenerated keratin fibers with diameters as small as
20 pum. The mechanical properties of the regenerated ker-
atin fibers were in agreement with their differences in
molecular weight, intrinsic viscosity and crystallinity
index. Successful fiber spinning indicated the possibility of
successful development of macromolecules in films,
sponges and many other forms. Broad impact of the dis-
solution method could be resulted in exploring applications
of other largely available highly crosslinked proteins, such
as sorghum proteins and chicken feathers from biofuel and
agricultural industries, which could be developed into
useful industrial products, such as films, sponges and fibers.
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