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Abstract: In this study, keratins were extracted from pig nail waste via the reduction method for
the first time, using L-cysteine as the reductant and urea as the lytic agent. Nylon6 and pig nail
keratin were successfully combined via electrospinning to generate a series of nylon6/pig nail keratin
nanofibers with a variety of keratin concentrations (0% to 8%, w/w). From the results, it was found
that the best concentration was 6% (w/w). The morphologies of the electrospun nanofibers were
examined via scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The
structural properties were characterized using Fourier transform infrared spectroscopy (FTIR) and
X-ray diffraction (XRD), and the thermal properties were described using thermo-gravimetric analysis
(TGA). These results confirmed that the nanofibers were composed of both polymeric phases. Finally,
copper (II) was used as a model ion, and the nanofiber membranes exhibited a strong adsorption
affinity for metal ions in the water samples. This study provides an important foundation for the
application of nanofiber membranes in metal adsorption.

Keywords: pig nails; keratin; electrospinning; nanofiber; copper (II) ion adsorption

1. Introduction

Polymeric nanofibers (NFs) are synthetized via electrospinning, a widely used fabri-
cation technique in which the material is precipitated on a collector [1,2]. As a result of
their unique structural properties and functional features, nanofibers have numerous and
diverse applications, including wound dressing, drug delivery, vascular tissue engineering,
and heavy metal ion adsorption [3–7]. Hence, electrospun nanofibers composed of natu-
ral and synthetic polymers have attracted increasing attention in recent years. Although
electrospinning is treated as a simple and efficient technique for the production of polymer
nanofibers, it cannot be mass-produced to meet industrial needs; bubble-spinning has
been proposed and the research has evolved [8]. Keratin is abundant in nature and is
a biocompatible and biodegradable material, thus having significant prospects in natu-
ral polymer applications [9–11]. Keratin is a structural fibrous protein, and is the main
component of wool, feathers, nails, horns, and other epithelial coverings [12]. Numerous
studies have reported improving the performance of keratin films by mixing keratin with
both natural [13] and synthetic polymers [14]. In particular, feather keratin (FK) has been
widely used, and FK/PVA composite nanofibers [15] and FK/PVA/PEO three-component
nanofiber membranes [16] have been fabricated through an electrospinning process. Pig
nail keratin represents an unexplored and potentially useful keratin source, as tons of pig
nail waste are discarded every year. Pig nails are rich in proteins and amino acids, and
waste represents an important resource. Therefore, the reasonable development of the
recycling value of waste pig nails can not only expand its application field, but also meet
the development trend of green environmental protection.

Nylon is a ubiquitous synthetic polymer, and its chemical structure is composed
of amide groups separated by methylene sequences. In particular, nylon6 has received
significant attention. In its structure, the amide groups are planar because the C-N bond has
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partial double-bond properties, and the hydrogen bonding of amino and carbonyl groups
is maximized in this way [17]. In recent years, researchers have studied the parameters that
affect the electrospinning of nylon6 nanofibers [18–20]. Moreover, the use of electrospun
nylon6 nanofiber membranes as sorbents for heavy metal adsorption has emerged as a
popular research topic. Electrospinning is a standard method of fabricating microfibers and
nanofibers [21]. These fibers have desirable features, including high porosity, large specific
surface area, well-distributed pore size, and outstanding gas exchange characteristics [22].

Copper ion is a heavy metal element and a transition element. It shows Cu2+ valence
in common compounds [23]. Given their same coordination modes and the stability of
transition elements, they are combined with keratin via chelation; the chelation principle
is similar to them, and the effect of chelation on high valence metal ions is better [24].
The copper ion solution showed light blue, and in the experiment, the phenomenon
was obvious. The content of copper ions in electrochemical wastewater, which pollutes
groundwater resources, is very high. The accumulation of heavy metals is harmful to
human health. Heavy metals easily accumulate in the brain, kidney, and other organs,
leading to progressive damage to the body’s functions [25]. When copper ions enter the
human body, they accumulate. When the concentration of copper ions exceeds 2.2 mg,
vomiting, poisoning, and liver and kidney damage occur. Based on this background,
copper ions are representative of transition metals; copper ion pollution is serious in
industry [26]. Numerous techniques, including chemical precipitation, membrane filtration,
biological treatment, adsorptions, and photocatalytic reduction, have been developed in
the past for Cr(VI) removal [27–30]. Therefore, copper ions were selected as a heavy metal
representative; the capacity to adsorb copper ions was used as the evaluation index to
compare the adsorption capacity of different types of membranes and to evaluate their
application potential as adsorption materials.

In this study, a new bio-based adsorption material for heavy metal ions was developed.
Keratin was extracted from pig nail waste; keratin materials are hydrophilic, adsorptive,
and able to chelate with metal ions. Thus, nylon6/pig nail keratin composite nanofiber
membranes were prepared via electrospinning to adsorb copper ions for the first time.
Advantageously, the membranes reused a wasted resource and provide a theoretical basis
for the development of keratin-based adsorption materials.

2. Materials and Methods
2.1. Reagents and Chemicals

Analytical grade chemicals and reagents were used in this study. Urea (CH4N2O),
L-cysteine (C3H7NO2S, molecular mass: 121.16), sodium hydroxide (NaOH), hexafluoroiso-
propanol (C3H2F6O), gelatin (gel, gel strength ~250 g, Bloom), and glycerol (gly, molecular
mass: 92.09) were purchased from Shanghai Macklin Biochemical Company (Shanghai,
China, 15 May 2021). Hydrochloric acid (HCl) and nylon6 were purchased from DongQi
Biotechnology Co., Ltd. (Shenzhen, China).

2.2. Electrospinning of Nylon6/Pig Nail Keratin Nanofibers

As shown in Figure 1, 3.0 g of pig nails was extracted in 4 mol L−1 urea, and
0.45 g L-cysteine was added. The aqueous solution was shaken well at 150 rpm for 16 h at
70 ◦C. Subsequently, the extract was centrifuged at 10,000 rpm for 15 min, and the pH of
the supernatant was adjusted to 4.0 with 0.2 mol L−1 HCl to precipitate the keratin. The
precipitate was washed using deionized water and freeze dried in a vacuum freeze dryer
to obtain pig nail keratin powder.
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Figure 1. Schematic of the extraction of keratin from pig nails, the preparation of keratin/nylon6
nanofibers via electrospinning, and the application of the nanofiber membrane for the adsorption of
copper (II).

A 10% nylon6 solution was prepared by dissolving nylon6 in hexafluoroisopropanol
(HFIP). To the nylon6 solution, 2 wt.%, 4 wt.%, 6 wt.%, and 8 wt.% of pig nail keratin were
added to prepare four different keratin solutions. The four mixed solutions were sonicated
for approximately 1.0 h to facilitate the homogeneous dispersion of nylon6 and pig nail
keratin. A rectangular foam board covered with aluminum foil was used to collect the
nanofibers. The blended solutions were each loaded into a 10 mL glass syringe with a blunt
23–gauge needle attached. A syringe pump, at a flow rate of 1.0 mL min−1 and a constant
positive voltage of 25 kV, was applied to each needle. The distance between the needle tips
and the collecting plates was 12–15 cm. The electrospinning experiments were carried out
at room temperature.

2.3. Scanning Electron Microscopy

The surface morphologies of the electrospun fibers were observed using a scanning
electron microscope (SEM, EVO–18, ZEISS, Oberkochen, Germany) at 20 kV. The average
diameter of the fibers was determined by analyzing 30 individual fibers using Nano
measurer software 1.2 (China).

2.4. Transmission Electron Microscopy

The nanofiber samples were deposited onto copper grids and photographed using a
transmission electron microscope (TEM, JEM–100CX, JEOL, Tokyo, Japan).

2.5. Thermogravimetric Analysis

The nanofibers’ thermal stability was analyzed via a thermogravimetric analyzer (TGA,
TAQ600, NETZSCH–Gerätebau GmbH, Selb, Germany) under a nitrogen atmosphere. The
temperature of the experiment ranged from 25–800 ◦C at a rate of 10 ◦C min−1.
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2.6. Fourier Transform Infrared Spectroscopy

The structure of the nanofiber membranes was confirmed using FTIR (FTIR–850,
Tianjin Gangdong, Tianjin, China), using a range of 4000–500 cm−1.

2.7. X-ray Diffraction Analysis

X-ray diffraction analysis was carried out on an X-ray diffractometer (XRD–3, Beijing
Purkinje General, Beijing, China), and the XRD spectra were recorded in the 2θ range of 5◦

to 60◦ at a step rate of 0.02◦.

2.8. Tensile Properties

The tensile properties of the nanofibers, including the tensile strength and elongation
at break, were measured using a universal testing machine (CMT6503, Shenzhen MTS Test
Machine Company Ltd., Shenzhen, China), using the ASTM standard D638 with a rate of
5.0 mm min−1. Films were cut to 40 mm × 5.0 mm. The thicknesses of the samples were
measured via a micrometer, and ranged from 0.09 to 0.12 mm for the various conditions
studied. Three replications of each formulation were performed, and the average values
were calculated.

2.9. The Experiment of Adsorption Performance

Fifty milliliters of copper ion standard solution (1.0 mg L−1) was transferred to each
of five 100 mL conical flasks, and the pHs were adjusted to 4.0 using HNO3 solution. Next,
30 mg keratin/nylon6 nanofiber membrane was added to each conical flask, and the flasks
were placed in a constant temperature water bath at room temperature and shaken at
150 rpm for 1.0 h. Following this, the contents of five metal ions were measured using an
atomic absorption spectrometer (ABS); the adsorptions were calculated via the following
formula [31]:

qe =
(c0 − ce)V

M

where c0 is the concentration of five ions in the mixed solution before adsorption (mg L−1);
ce is the concentration of five ions in the mixed solution after adsorption (mg L−1); V is
the volume of the mixed solution (L); and M is the mass of the keratin/nylon6 nanofiber
membrane (mg).

3. Results
3.1. Morphological Characterization of Pig Nail Powders and Pig Nail Keratin

To understand the morphological changes in pig nail powders and pig nail keratin
intuitively, they were analyzed using SEM. The external structure of the undissolved pig
nail powder was arranged neatly, as shown in Figure 2a,c. However, upon dissolution,
intermolecular forces and chemical bonds were destroyed, leading to changes in the mor-
phological structure of pig nail powder in which the keratin was shed from the pig nails
(Figure 2b,d).
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Figure 2. SEM images of (a,c) pig nail powders; and (b,d) pig nail keratin.

3.2. Morphological Characterization of Electrospun Nylon6/Pig Nail Keratin Nanofibers

Figure 3 shows SEM images and the corresponding nanofiber diameter distributions of
the electrospun composite nanofibers with various concentrations of pig nail keratin (rang-
ing from 0 to 8.0 wt.%). As shown in Figure 4, almost all the electrospun nylon6 nanofibers
were stuck together, and no obvious structure was observed. Hence, the diameters of
nylon6 nanofibers were not measured; the nanofiber diameters changed with the addition
of pig nail keratin. When 2.0 wt.% pig nail keratin was added to the nylon6 solution, the
12% nylon6/2.0% keratin nanofibers became more curved. In addition, the nanofiber diam-
eters were thicker and varied (220–870 nm), with an average diameter of approximately
470 nm. The diameters of the 12% nylon6/4.0% keratin nanofibers also varied (290–820 nm,
average 580 nm), and the majority of 12% nylon6/6.0% keratin nanofibers had diameters of
290–650 nm (average 430 nm). The diameters of 12% nylon6/8.0% keratin nanofibers were
coarser, with diameters from 610 to 1430 nm, with an average of approximately 940 nm.
Generally, 12% nylon6/6.0% keratin nanofibers were the thinnest. The average diameter of
the nylon6/pig nail keratin nanofibers initially decreased as the keratin content increased to
6.0%. At 8.0 wt.%, the diameter increased, and the viscosity of the electrospinning solution
increased. Differences in the nanofiber diameters were likely due to differences in the
conductivities and viscosities of the electrospinning solutions [32].
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(d) 12% nylon6/6% pig nail keratin composite; and (e) 12% nylon6/8% pig nail keratin composite.



Polymers 2023, 15, 467 7 of 12Polymers 2023, 15, x FOR PEER REVIEW 7 of 13 
 

 

 

Figure 4. TEM images of 12% nylon6/6% pig nail keratin composite, scale bar: (a) 200 nm; (b) 100 

nm. 

Figure 4 shows TEM images of the electrospun 12% nylon6/6% keratin composite 

nanofibers. The surfaces of the nanofibers were smooth and uniform, and some pig nail 

keratin particles were exposed on the surfaces of nanofibers. This result indicates that the 

compatibility of the nylon6 and keratin in the solvent was excellent. Moreover, the smooth 

nanofiber surface was beneficial to the adsorption of target analytes [33].  

3.3. X-ray Diffraction (XRD) Analysis of Electrospun Nylon6/Pig Nail Keratin Nanofibers 

X-ray diffractograms of nylon6, pig nail keratin, and electrospun nanofiber mem-

branes are shown in Figure 5. There were obvious diffraction peaks for nylon6 at 2θ = 19° 

and 22°, but there was no diffraction peak for keratin. The XRD pattern obtained for pure 

pig nail keratin exhibited broad diffraction peaks at 9° and 20°, which are characteristic of 

partially crystalline materials. Sharp diffraction peaks at 19° and 21° were observed for 

nylon6, indicating high crystallinity. For the nylon6/pig nail keratin nanofibers, diffraction 

peaks were observed at 20° and 22° [34].The intensity of these peaks was lower than that 

of the peaks observed for nylon6, and there was no diffraction peak at 9°. The results sug-

gest that the overall crystallinity of the nanofiber composites was slightly lower than that 

of nylon6 due to the addition of keratin, which contains a small crystalline region and a 

large amorphous region. 

 

Figure 5. XRD patterns of (a) nylon6 nanofiber membranes; (b) nylon6/pig nail keratin composite 

nanofiber membranes; and (c) pure pig nail keratin. 

3.4. Thermal Properties of Nanofibers 

The thermal stability of the electrospun nanofibers was determined via thermal anal-

yses. As shown in Figure 6, the thermogravimetric thermograms (TGA) of the nanofibers 

were compared with derivative thermogravimetric (DTG) diagrams. Two-step degrada-

tion was observed in all samples. The initial weight loss of nylon6 and nylon6/pig nail 

Figure 4. TEM images of 12% nylon6/6% pig nail keratin composite, scale bar: (a) 200 nm; (b) 100 nm.

Figure 4 shows TEM images of the electrospun 12% nylon6/6% keratin composite
nanofibers. The surfaces of the nanofibers were smooth and uniform, and some pig nail
keratin particles were exposed on the surfaces of nanofibers. This result indicates that the
compatibility of the nylon6 and keratin in the solvent was excellent. Moreover, the smooth
nanofiber surface was beneficial to the adsorption of target analytes [33].

3.3. X-ray Diffraction (XRD) Analysis of Electrospun Nylon6/Pig Nail Keratin Nanofibers

X-ray diffractograms of nylon6, pig nail keratin, and electrospun nanofiber membranes
are shown in Figure 5. There were obvious diffraction peaks for nylon6 at 2θ = 19◦ and
22◦, but there was no diffraction peak for keratin. The XRD pattern obtained for pure pig
nail keratin exhibited broad diffraction peaks at 9◦ and 20◦, which are characteristic of
partially crystalline materials. Sharp diffraction peaks at 19◦ and 21◦ were observed for
nylon6, indicating high crystallinity. For the nylon6/pig nail keratin nanofibers, diffraction
peaks were observed at 20◦ and 22◦ [34].The intensity of these peaks was lower than that of
the peaks observed for nylon6, and there was no diffraction peak at 9◦. The results suggest
that the overall crystallinity of the nanofiber composites was slightly lower than that of
nylon6 due to the addition of keratin, which contains a small crystalline region and a large
amorphous region.
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nanofiber membranes; and (c) pure pig nail keratin.

3.4. Thermal Properties of Nanofibers

The thermal stability of the electrospun nanofibers was determined via thermal analy-
ses. As shown in Figure 6, the thermogravimetric thermograms (TGA) of the nanofibers
were compared with derivative thermogravimetric (DTG) diagrams. Two-step degradation
was observed in all samples. The initial weight loss of nylon6 and nylon6/pig nail keratin
nanofibers took place at 70–400 ◦C, due to moisture loss. The second weight loss took
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place in the temperature range of 400–480 ◦C, and was due to the thermal degradation of
the nylon6 and the nylon6/pig nail keratin matrix. As shown in Figure 7, the weight loss
of nylon6 was lower than that of nylon6/pig nail keratin nanofibers between 70–400 ◦C.
However, nylon6/pig nail keratin nanofibers showed higher thermal stabilities than pure
nylon6 between 400–480 ◦C. The results demonstrate that the addition of keratin provided
effective reinforcement against the thermal degradation of the polymer matrix, increasing
the thermal stability of the matrix. The maximum thermal degradation temperatures were
421 ◦C and 438 ◦C.
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3.5. Structural Analysis

As shown in the FTIR spectra in Figure 7, a unique adsorption of peptide bonds
(–CONH–) was discovered, which was characteristic of pig nail keratin and nylon6 nanofibers.
The amide I bands at 1647 cm−1 were attributed to the C=O stretching vibration. The
amide II bands, due to N–H bending vibrations, were observed at 1548 cm−1. Moreover, a
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sharp peak at 1265 cm−1 corresponded to the characteristic absorption peak of the amide III
bands (1220–1300 cm−1). The adsorption peak at 3304 cm−1 was ascribed to the stretching
vibrations of N–H bonds. The absorption peaks of the two samples were similar, but the
intensity decreased with the addition of pig nail keratin. This result confirms the successful
synthesis of nylon6/pig nail keratin nanofiber membranes.

3.6. Mechanical Characterization

The mechanical properties of the nylon6/pig nail keratin nanofiber membranes are
presented in Figure 8. The mechanical properties, including tensile strength and elongation,
changed with the addition of pig nail keratin. The tensile strength and elongation of
12% nylon6/6.0% pig nail keratin nanofiber membrane were 70.1 MPa and 24.7 MPa,
respectively, which were stronger than those of the 2.0%, 4.0%, and 8.0% keratin membranes.
In addition to the excellent compatibility and the interaction between pig nail keratin and
nylon6, the strength of the membrane was enhanced due to an increase in β–sheet structures
with increasing keratin concentration. As α-helix cannot supply a rigid structure compared
with β–sheet structure, the β–sheet structure resulted in the materials own high strength
and small displacement performance [35].
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3.7. Adsorption Performance of Nylon6/Pig Nail Keratin Nanofiber Membranes

As shown in Figure 9, with increasing pH, from pH 2–4, the adsorption capacity
increased and reached its maximum at pH 4. When the pH was low, there was much H+ in
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the result, and H+ occupied the limited adsorption unit on the adsorbent, as competitive
adsorption exists between heavy metal ions. Under the most suitable pH conditions,
the adsorption strength of keratin/nylon6 nanofibers gradually increased as the reaction
time increased, and the adsorption equilibrium was achieved in 180 min. With increasing
temperature, from 25–45 ◦C, the metal ions adsorption capacity of keratin/nylon6 nanofiber
membrane was not significantly different, indicating that temperature had no effect on the
adsorption capacity.
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4. Conclusions

Herein, we demonstrated the successful synthesis of nylon6/pig nail keratin nanofiber
membranes using a novel electrospinning process. Pig nail keratin was extracted and com-
bined with nylon6 via electrospinning. The average diameter of the nanofibers changed
from 470 ± 36 nm to 580 ± 58 nm, 430 ± 45 nm, and 980 ± 65 nm for different concen-
trations of pig nail keratin (ranging from 0 to 8.0 wt.%). Similarly, the thermal stability
of the nylon6/pig nail keratin nanofiber membranes significantly improved. The tensile
strength and elongation of 12% nylon6/6.0% pig nail keratin nanofiber membranes were
70.1 MPa and 24.7 MPa, respectively, which were higher than those of the other keratin
nanofiber membranes. The results exhibited excellent compatibility between the individual
components, high thermal stability, and good mechanical properties of nylon6/pig nail ker-
atin nanofiber membranes. Moreover, copper (II) ions in water samples were successfully
adsorbed by the nanofiber membranes, with high affinity. This study provided important
evidence to support the application of nanofiber membranes in metal adsorption.
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