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Wool keratin/poly(vinyl alcohol) (PVA) blend nanofibers were fabricated using the electrospinningmethod in formic acid solutions
with different weight ratios of keratin to PVA.The resultant blend nanofibers were characterized by scanning electron microscopy
(SEM), Fourier transform infrared (FTIR), X-ray diffraction (XRD), thermal gravimetric analysis (TGA), and tensile test. SEM
images showed that the diameter of the blend nanofibers was affected by the content of keratin in blend solution. FTIR and XRD
analyses data demonstrated that therewere good interactions between keratin andPVA in the blended nanofibers caused by possibly
hydrogen bonds. The TGA study revealed that the thermal stability of the blend nanofibers was between those of keratin and PVA.
Tensile test indicated that the addition of PVA was able to improve the mechanical properties of the electrospun nanofibers.

1. Introduction

In recent years, electrospinning has drawn much attention
because it is an easy, versatile, and low cost technique to
fabricate nanofibers. In general, electrospinning apparatus is
made up of a high voltage supply, a capillary tube with a
pipette or needle of small diameter, and a metallic collector
[1]. At present, a large number of organic and inorganic
materials has been electrospun into nanofibers. As polymer
nanofibers have high specific surface area and porosity, they
are mainly used for filtration [2], environmental cleaning [3],
tissue engineering [4], battery materials [5], and so forth.
The study of electrospun biopolymers mainly focuses on silk
fibroin [6], chitosan [7], and gelatin [8]. But keratin has
received relatively poor attention.

Keratin is an abundant nonfood protein which is the
major component of wool, hair, feathers, horns, and nails [9].
Keratinwastes, as poor quality rawnails from sheep breeding,
by-products from the textile industry and horns, and nails
and feathers from butchery [10], not only cause the waste
of keratin resources but also pollute the environment. So,
it is of great significance to study the recycling of keratin

for effective utilization. Wool contains up to 95% by weight
of pure keratin [11]. Compared with other proteins (e.g.,
fibroin and gelatin), wool keratin contains a large amount
of cystine, which accounts for 7–20% of the total amino
acids [12]. Wool keratin has a molecular weight ranging
from 45 to 60 kDa of the microfibrils from the cortical
cells to 6–28 kDa of the protein from the matrix [13]. At
present, wool keratin has been prepared into films [14],
sponge scaffolds [15], and nanofibers [16] and mainly used
for biomedical application and adsorption. Wool keratin is
difficultly electrospun into nanofibers because of its low
molecular weight and brittle property. Some of the literature
has reported the electrospinning of the blend of wool keratin
with poly(ethylene oxide) [17], silk fibroin [18], polyamide
6 [19], and poly(lactic-co-glycolic acid) [20]. Recently, pure
keratin has been electrospun without the addition of other
polymers [16, 21, 22]. However, the average fiber diameter of
the mats is larger than 200 nm and the breaking stress is not
very high.

In this work, the blend of wool keratin and poly(vinyl
alcohol) (PVA) was fabricated into nanofibers by electrospin-
ning. Keratin/PVAnanofibers could be interesting candidates
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for preparing metal ion adsorbents because of the large
number of functional group and high specific surface. The
purpose of the use of PVA as an additive was to improve the
processability of wool keratin and to enhance the mechan-
ical properties of the blend nanofiber mats. Wool keratin
and PVA with different weight proportions were mixed
and dissolved in formic acid solution. The blend solutions
were electrospun to produce nanofibers. The morphologies,
structures, thermal stability, andmechanical properties of the
blend nanofibers were investigated and correlated with the
keratin/PVA blend ratios with the aim of highlighting the
effect of the blend ratios on the structures and properties of
nanofibers.

2. Experimental

2.1. Materials. The wool fibers were commercially obtained
from wool textile factory. They were first cleaned by Soxhlet
extraction with petroleum ether to remove fatty matter, then
rinsed with distilled water and conditioned at 20∘C and
65% RH for 48 h. Poly(vinyl alcohol) (PVA) with an average
polymerization degree of 1700 and a saponification degree
of 99% was bought from Sinopharm Chemical Reagent Co.,
Ltd., China. All other chemicals used were of analytical
reagent grade.

2.2. Preparation of the Keratin/PVA Blend Solutions. Keratin
proteinwas extracted fromwool by sulphitolysis with sodium
metabisulphite according to the previous method [13]. Five
grams of wool fibers were immersed in 100mL of the urea
(8M) and sodium metabisulphite (0.5M) mixture solution
whose pH was adjusted to 6.5 using sodium hydroxide.
The mixture was heated to 65∘C and shaken for 2 h [23].
The resulting solution was filtered with a medium-speed
qualitative filter paper. Afterwards, the filtrate was dialyzed
against distilled water using a dialysis tube (molecular weight
cutoff of 8,000–14,000Da) for 3 days at room temperature.
The solution obtained after dialysis was filtered with a
medium-speed qualitative filter paper again. The filtrate was
cast on a polyethylene plate at 50∘C to obtain regenerated
keratin.

The 12%wt solutions with the keratin/PVA weight ratios
of 50/50, 60/40, and 70/30 were prepared by dissolving wool
keratin and PVA in formic acid (88%wt).The blend solutions
were homogeneous without any precipitates and air bubbles.

2.3. Electrospinning of the Keratin/PVABlendNanofibers. The
nanofibers were prepared by electrospinning in Nanofiber
Electrospinning Unit (Kato Tech Co., Ltd., Japan). Electro-
spinning was performed at 20 ± 3∘C and 65 ± 5%RH. The
spinning parameters were as follows: voltage 20 kV, discharge
speed 0.2mL/h, and distance between syringe and collecting
target 11 cm.

2.4. Characterization. The rheological performance of the
keratin/PVA solutions wasmeasured by theAR2000 rheome-
ter (TA Instruments, USA)with cone-plate geometry (40mm
diameter, 20∘ angle); the shear rate was logarithmically

increased from 0.1 to 1000 s−1 at 25∘C. The conductivity of
each blend solution was measured by the DDS-11A electric
conductivity meter (Shanghai INESA Scientific Instrument
Co., Ltd., China).

The morphologies of the collected blend nanofibers were
observed using the S-4800 scanning electron microscope
(SEM) (Hitachi, Japan) after gold coating; the diameters of
nanofibers were measured randomly by the image analysis
software (Image-Pro Plus 5.0), and the average value was
calculated from 100 measurements. The Fourier transform
infrared spectra (FT-IR) of the nanofibers cut into powder
were recorded with the Nicolet 5700 FT-IR spectrometer
(Thermo Fisher Scientific Inc., USA) using potassium bro-
mide pellets; all of the IR data were collected from 32 scans
with a resolution of 4.0 cm−1. The crystal structures of the
nanofibers were investigated by X-ray diffraction (XRD)
using the XPert PRO diffractometer (PANalytical B.V., The
Netherlands) with a CuK𝛼 radiation source operated at a tube
voltage of 40 kV and a tube current of 35mA; a diffraction
range of 5∘–45∘ (2𝜃) was selected and the scanning rate
was 8∘/min. The thermal properties of the nanofibers were
analyzed by the SDT Q600 thermogravimetric analyzer (TA
Instruments, USA) under the conditions of a nitrogen flux
of 100mL/min, a heating rate of 10∘C/min, a temperature
range from 50 to 600∘C, and a sample weight of about 5mg.
The keratin/PVA nanofibers were cut into 40mm × 5mm.
The thickness of these nanofiber mats was measured using a
micrometer. Before using an automatic tensile tester (model
3365 electronic strength tester, Instron, Boston, USA) to
characterize the mechanical properties of the mats, the sam-
ples were kept for 24 h at standard atmospheric conditions.
During test process, distance between grips and test speeds
were set to 20mm and 10mmmin−1, respectively. An average
of five measurements was reported for each sample.

3. Results and Discussion

3.1. Solution Characterization. Figure 1 shows the rheological
behaviors of the keratin/PVA blend solutions with different
keratin/PVA weight ratios, where the changes in viscosity
as a function of shear rate are presented. The shape of
the viscosity curves shows that with an increase in shear
rate, all the solutions with the exception of keratin solution
behaved as typical non-Newtonian, shear-thinning fluids.
The viscosity curves of the keratin/PVA blend solutions were
between those of pure keratin and PVA solutions in the
entire range of measured shear rates. It is worth noting
that the rheological behaviors were dependent on solution
composition. Compared to the solutions rich in wool keratin,
the solutions with a higher percentage of PVA showed a
greater change in viscosity with increasing shear rate and
had stronger non-Newtonian nature. In other words, the
pseudoplasticity of the solutions increasedwith an increase in
the proportion of PVA in the blends, which endues the keratin
and PVA blend fluid with good flow behaviors.

The viscosity is an important factor for the electrospin-
ning of keratin/PVA blend solution and fiber formation. As
shown in Figure 2, the zero-shear viscosity estimated from
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Figure 1: Rheological behaviors of the keratin/PVA blend solutions.
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Figure 2: Zero-shear viscosity and conductivity of the keratin/PVA
blend solutions as a function of keratin content.

the flow curve decreased with increasing keratin content,
which is caused by the reduction in the concentration of
entangled macromolecules in solution. Figure 2 also shows
that the conductivity of blend solutions increased with
increasing keratin content because a large number of amino
acids in keratin was readily ionized in formic acid solution
[24]. In a certain range of polymer concentrations, the
increasing solution conductivity can promote the fiber for-
mation [17].Thatmeans that during the jet process, the higher
the conductivity of the solution is, the larger the electrostatic
spinning drafting force is; therefore the nanofiber is easy to
form.

3.2. Morphologies. Figure 3 shows the SEM micrographs of
the keratin/PVA blend nanofibers. From these micrographs,
it is evident that the surface of the blend nanofibers was
smooth and had no bead defect. Moreover, the phase-
separated morphology was not observed from the blend

nanofibers. Figure 4 shows that the average diameters of the
blend nanofibers decreased from 83 nm to 69 nm when the
content of keratin in spinning solution increased from 50%
to 70%. The decrease in the average diameters could be
explained by the reduction in the viscosity and the increase in
the conductivity of spinning solution with increasing keratin
content.Meanwhile, the diameter distribution became signif-
icantly narrower when the keratin content increased.

3.3. FT-IR Spectra. Figure 5 shows the FT-IR spectra of
keratin powder, electrospun PVA, and keratin/PVA blend
nanofibers. The spectrum of pure keratin which was not
capable of being electrospun was measured using the film
sample prepared by casting its formic acid solution at 50∘C.
For the spectrum of keratin, the absorption bands at 1650,
1539, and 1232 cm−1 were the characteristic amide peaks
of amide I, II, and III, respectively [25]; the strong broad
peak at 3415 cm−1 was characteristic of the N–H stretching
vibration, and the intense peak at 1025 cm−1 indicated the
S–O symmetric stretching vibration of cysteine-S-sulfonate
residues [20, 23]. The electrospun PVA fiber exhibited the
peaks from the secondary hydroxyl group, including O–H
stretching vibration at 3523 cm−1, O–H deformation vibra-
tion at 1441 cm−1, and C–O stretching vibration at 1181 cm−1
[7].The absorption peaks at 1717 cm−1 of the PVA and keratin
blend nanofibers were attributed to the presence of the
carbonyl group which belongs to residual formic acid. It was
observed that with the increase of PVA content in the blends,
the intensities of the absorption bands at 1650, 1539, and
1025 cm−1 relative to keratin content decreased as expected. It
is worth mentioning that in the case of the addition of PVA,
the absorption peak of keratin at about 3415 cm−1 shifted to a
lower wave number and became much broader.This strongly
suggested the formation of hydrogen bond between keratin
and PVA molecules. Therefore the inclusion of PVA could
moderate the interaction between keratin macromolecules
and thus improve the electrospinnability of keratin with PVA.

3.4. XRD Analyses. Figure 6 presents the XRD patterns of
keratin powder, electrospun PVA, and keratin/PVA blend
nanofibers.The keratin powder showed a small peak at about
9.5∘ (2𝜃) and a very broad peak at 20.5∘ (2𝜃), corresponding
to the 𝛽-sheet structure [20, 23]. The electrospun PVA
nanofibers showed a significant crystalline peak at about 23.5∘
(2𝜃), which is due to the occurrence of strong intermolecular
and intramolecular hydrogen bonding. If there was no or
weak interaction between keratin and PVA molecules in the
blend fibers, each component would have its own crystal
region in the blend fibers and the XRD patterns would be
expressed as the simple mixture of keratin and PVA patterns.
In fact, the peak of keratin at 9.5∘ disappeared in the blend.
Thediffraction peak positions of the keratin/PVAblend fibers
were located between those of keratin and PVA diffraction
peaks. These evidences further suggested that strong inter-
actions occurred between keratin and PVA molecules in the
blend. In addition, the intensity of diffraction showed that
the blend nanofibers exhibited the degree of crystallinity
similar to that of the electrospun PVA fiber, implying the
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Figure 3: SEM micrographs of the blend nanofibers obtained using various weight ratios of keratin to PVA: (a) 50/50, (b) 60/40, and (c)
70/30.

main contribution of PVA to the crystallinity of the blend
nanofibers. According to the above discussions, it can be
concluded that the addition of PVA enables the improvement
of the electrospinnability and fiber formation ability of the
keratin/PVA blend.

3.5. Thermal Behaviors. Figure 7 shows the thermal proper-
ties of keratin powder, electrospun PVA, and keratin/PVA
blend nanofibers. In the case of keratin, the initial weight
loss corresponding to moisture vaporization occurred below
180∘C, and the second weight loss caused by the decomposi-
tion of keratin molecules took place in the temperature range
from 200 to 400∘C [23]. In the TGA curves of PVA, three
weight loss peaks were observed. The first weight loss took
place below 190∘C due tomoisture loss, the second andmajor
weight loss at 200–300∘C due to the thermal degradation
of PVA, and the third weight loss at 400–450∘C due to the
by-product formation of PVA during thermal degradation
[26, 27]. Keratin exhibited higher onset temperature, slower
speed, and higher weight residue of thermal degradation
than PVA and therefore higher thermal stability. The TGA
curves of the blend nanofibers were located between those
of keratin and PVA and their shape approached to that of
keratin. In the light of the onset temperature, speed and,
weight residue of thermal degradation, the thermal stability
of the blend nanofibers ranged from those of keratin and PVA
and increased with increasing keratin content.

3.6. Mechanical Properties. Figure 8 shows the representative
stress-strain curves of the electrospun nanofiber mats. The
average breaking stress of keratin/PVA 50/50, 60/40, and
70/30 was 9.22, 6.02, and 6.50MPa, respectively. The aver-
age breaking strains was 48%, 28%, and 30%, respectively.
The average Young modulus was 1.39, 1.38, and 1.18MPa,
respectively. The results exhibited that the breaking stress
and break strain of the mats of keratin/PVA 50/50 were far
higher than those of keratin/PVA 60/40 and 70/30. This can
be explained that the higher PVA content in nanofiber mats
enhanced themechanical properties of themats.The result of
Young modulus also showed the trend that Young modulus
increased with the increasing PVA content. The breaking
stress and break strain of the mats of keratin/PVA 60/40 are
slightly lower than those of keratin/PVA 70/30.This could be
due to the unevenness mat structure of keratin/PVA 60/40.

4. Conclusions

In this study, the wool keratin/PVA blend nanofibers were
successfully prepared by electrospinning. The addition of
PVAwas able to overcome the poor electrospinnability of ker-
atin. SEMmicrographs showed that the blend nanofibers had
smaller and narrower diameter distributions with increasing
keratin content, and their diameter was below 100 nm. The
results of FTIR and XRD indicated that there were strong
interactions between keratin and PVA. The thermal stability
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Figure 4: Diameter distribution of the blend nanofibers obtained using various weight ratios of keratin to PVA: (a) 50/50, (b) 60/40, and (c)
70/30.
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Figure 5: FTIR spectra of (a) electrospun PVA and (e) keratin powder as well as the blend nanofibers obtained using various weight ratios
of keratin to PVA: (b) 50/50, (c) 60/40, and (d) 70/30.
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powder aswell as the blendnanofibers obtainedusing variousweight
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of the blend nanofibers ranged from those of keratin and PVA
and increased with increasing keratin content. The results
of tensile test showed that the addition of PVA was able
to improve the mechanical properties of the electrospun
nanofiber mats.
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