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Abstract: The main objective of this work is the preparation of nanofibrous mats (NFM) from
polyamide 6 (PA6) reinforced and functionalized by renewable proteinic waste and examining their
potential use for the sorption of heavy metal ions and dyes from wastewater from textile plants. Two
renewable waste biopolymers; namely keratin (from waste of wool combing) and sericin (from
degumming of natural silk) were extracted and regenerated. NFMs were prepared by electro-spinning
of PA6/biopolymer composites in formic acid using nozzle-less electro-spinneret. The potential of the
prepared mats for sorption of Cr*, Cr*®, Cu*?, and Pb* cations as well as anionic and cationic dyes from
wastewater were assessed. The prepared composites were characterized by measuring their viscosity,
nanofiber diameter, porosity, thickness, and air permeability. The morphological structure of the
electro-spun NFM was investigated by scanning electron microscopy (SEM). Chemical and physical
properties of the obtained mat were studied using Fourier Transform Infrared Spectroscopy (FTIR),
thermal gravimetric analysis (TGA), differential scanning calorimetry (DSC), and X-ray diffraction
pattern (XRD).

In the NFMs from PA 6 only, PA 6/keratin, PA 6/sericin, and PA 6/keratin and sericin, the
sorption capacity of the prepared NFMs towards the examined cations varies according to the NFM
composition and the nature of the adsorbed cation. In all cases, the maximum dye sorption was
attained after 96 hours for basic dye and 72 hours for acid dye.
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1. Introduction

There are many areas growing and imposing excessive
demands on water, resulting in a much-expected exhaustion
of water and its resources. Industrial developments resulted in
accumulation of many pollutants; Viz. heavy metal ions (Pool,
2020), dyes (Alhujaily et al., 2020), and pharmaceutical wastes
(Abdel-Gawad & Abd El-Aziz, 2020) in water effluents. Humans
contact with such toxic pollutants poses a major health risk
because of their carcinogenic and toxic effects (Abdel-Halim et
al., 2003). Some of the most toxic and carcinogenic heavy
metal ions include Pb*, Cd*, As" Cu' Ni*?, Cr, and
Cr*®cations (Awual, 2015; Gautam et al., 2015; Lunge et al.,
2014; Madadrang et al,, 2012; Wang et al., 2014; Xu, et al., 2014).
These heavy metals are not only causing pollution to water, but
they are also life-threatening (Wang et al., 2014) such as causing
damage to the central nervous system and kidneys in humans.

The regulations of the World Health Organization (WHO)
based on the Environmental Protection Agency (EPA)
amendments assigned the permissible limit for Pb* in
wastewater at 0.05 mg/L (Goel et al,, 2005; Ucun et al,
2003). To mitigate the lead ions pollution, many processes
like adsorption, precipitation, coagulation, ion exchange,
cementation, electro-dialysis, electro-winning, electro-
coagulation and reverse osmosis have been developed (Al-
Shannag et al., 2015). On the other hand, the WHO
recommended safe limits for Cr*® in wastewater is 0.05 ppm
(Aneyo et al., 2016).

Dyes discharged from the dye lines for coloration of textiles
are considered as other threatening pollutants within the
textile effluent. Because of the serious risks that pose to
humans, dye removal is an extremely important issue to deal
with. Carcinogenic effects have also been observed in a few
dyes, and their degraded products are present in surface
water (Kannan & Sundaram, 2001). Hence, it is important to
clean or to pre-treat these dye effluents before discharging
them into water resources.

There are many scientific methods and materials that have
been proposed and tested for water desalination and
purification. Among those materials, nanomaterials in the
form of nanoparticles or nanofibers with different
morphologies have potential impacts for treating water, and
have been observed to be very effective in removing heavy
metal ions, toxic metals, dye, and other harmful organic
solvents (Nasreen et al., 2019). Nanofibrous membranes are
commonly studied materials for water filteration applications
(Balamurugan et al., 2011; Gopal et al., 2007). Many polymeric
nanofibers that are fabricated by the electro-spinning method
have been shown to exhibit unique filtration properties (He et
al., 2014; El-Sherif et al., 2013; Karthi & Meenakshi, 2015; Liu et
al.,2013; Mahapatra et al., 2013; Rad et al., 2014; Sounthararajah

etal,, 2015; Xu et al., 2014; Zhao et al., 2015; Zhou et al., 2011).
Other reported technologies for heavy metal ions removal
include utilization of activated carbon (Bohli et al., 2015), clay
(Guetal., 2019), and nanosized metal oxides (Hua et al., 2012).
However, most of these technologies are relatively expensive
and use high-cost materials.

Biopolymers are macromolecules fully or partially
produced in a natural way by living organisms. Because of
their biodegradability into carbon dioxide and water (Moore,
2008), biopolymers are now significant for many fields
including food technology, nanotechnology, chemistry,
textile, medicine, agriculture etc. According to market
research, consumers are willing to pay more for bio-based
polymers, and their market shows huge growth; reached to
3 million tons per year by 2013 and 7 million tons by 2018
(Carusetal., 2013). Keratin and sericin are considered to be
proteinic biopolymers that emitted to the environment as
by-products. Several research papers have dealt on the
extraction and recovering of these biopolymers from their
natural resources for further utilization in several fields
(AbouTaleb et al., 2020; El-Newashy et al., 2019; Mowafi et
al., 2018).

This work aims at preparation of nanofibrous mats based
on polyamide 6 together with renewable benign biopolymer
wastes, namely keratin and sericin. The prepared electro-spun
nanofibrous mats are utilized in sorption of heavy metal ions
and dyes from effluents of textile plants. This work meets some
environmental and economic demand by extraction of keratin
and sericin from waste materials and their utilization in
reinforcement of PA6 NFM for sorption of selected cations as
well as dyes from textile effluents.

2. Materials and methods

2.1. Materials

Natural silk fibers were kindly provided by the Sericulture
Department at the Agricultural Research Centre, Ministry of
Agriculture and Land Reclamation. Waste of combing of wool
fleece was collected from small enterprises. Wastes of
polyamide 6 (PA6) fibers of average molar mass 22500 g/mole
were provided by MisrBeida Dyers, Egypt. Formic acid (98%)
was purchased from Sigma Aldrich. sulphuric acid, acetic acid,
sodium carbonate, and ammonium chloride were purchased
from ADWIC, Egypt.

2.2. Methods

2.2.1. Scouring

Wool fleece was scoured in an aqueous solution containing
1g/L Na,COs at 50°C for 30 min with M:L ratio 1:50. The scoured
wool fleece was rinsed thoroughly with tap water and air-dried
at ambient temperature.

Vol. 19, No. 4, August 2021 323



Salwa Mowafi et al. / Journal of Applied Research and Technology 322-335

2.2.2. Extraction of keratin

Keratin was extracted from their scoured wool fleece by
dissolution in an agueous solution of 0.2M sodium hydroxide
at 70 °C for 30 min. A 200 mL coagulating bath was prepared
for precipitation of 100 mL soluble keratin solution. This bath
is an aqueous solution containing 12% NH.Cl and 6% H,SO,
(w/v). The regenerated keratin was well-rinsed with distilled
water till pH 7 and left to dry overnight then ground into
powder form.

2.2.3. Degumming of sericin

Raw natural silk sample was dipped in boiling water through
three consecutive cycles; 1 h each (water was refreshed in each
cycle). Sericin was precipitated from the degumming effluent
by adjusting the pH around the isoelectric point of sericin (ca.
4). The precipitate was filtered to collect sericin and left to dry
at ambient temperature, and then pulverized in a mortar.

2.2.4. Preparation of electro-spun composite

A 25 % (w/v) solution was prepared by dissolving 20 % PA 6
fibers together with 5% regenerated keratin, sericin, or mixture
thereof in concentrated formic acid (98%). The composites of
PA 6/keratin (PA 6/K), PA 6/sericin (PA 6/S) and PA
6/keratin/sericin  (PA6/K-S) were mixed together with
magnetic stirrer (500 rpm) for about 15 min at room
temperature (ca. 25 °C) till complete dissolution.

It is noteworthy to mention that different concentrations
and ratios of PA 6, sericin, and keratin were adopted to obtain
electro-spinnable composite material of appropriate
viscosity. Based on many viscosity measurements and electro-
spinning trials, we found that the most appropriate
concentrations and ratios of PA 6 and the said biopolymers are
those mentioned above.

2.2.5. Preparation of the nanofibrous mats

The prepared biopolymer-based composites (about 10 mL
each) were electro-spun into nanofibrous mats using
ELMARCO nozzle-less Electro-spinneret (Liberec, Czech
Republic). The applied electric potential was 30-35 kV. The
collector was mounted at 13 cm away from the wire and the
solution carriage speed was kept at 100 mm/s, which was
found to be the appropriate speed for creation of nanofibers.
The process of nozzle-less electro-spinning was conducted for
about 45-60 min at 22°C and 65% relative humidity.

2.2.6. Preparation of heavy metal solutions

Four stock solutions of 0.04 mmole/L of potassium
dichromate [K;Cr,O;], chromium Il chloride hexahydrate
[CrCls.6H,0], copper Il sulphatepentahydrate [CuS0O4.5H,0],
and lead acetate [(CH;COO),Pb] were prepared for synthetic
wastewater during this investigation. In all solutions, the pH of

the prepared said solutions was not modified and used as it is.
Alkaline pH values were prohibited as it will cause precipitation of
each cation from its solutions (Sum et al., 2019).

2.3. Analyses and testing

2.3.1. Scanning electron microscopy

The surface morphology as well as the fiber diameter of the
prepared nanofibrous mats was examined by ZEISS LEO 1530
Gemini Optics Lens Scanning Electron Microscope (SEM) with
30 kV scanning voltage. The samples were mounted on
aluminum stubs, and sputter coated with gold in an S150A
sputter (coated Edward, UK). The nanofibers’ diameters were
measured from the scanning electron micrographs and the
porosity of each sample was also determined using Image J
software (Haeri & Haeir, 2015).

2.3.2. Viscosity measurement

The viscosity of the prepared composites was measured at 10
rpm using Programmable Rheometer (Model DV I11), Brookfield
Engineering Labs, MA, U.S.A.

2.3.3. Batch sorption investigation

The sorption aptitude of the prepared chelating nanofibrous
mats for Cr®, Cr'3, Cu*?, and Pb* cations was monitored by the
batch method and single element system for different contact
period of times. Dried sample of 0.1 g of each prepared mat was
added in 100 mL Erlenmeyer flask containing 50 mL of each of the
said cation solution. The mixture was maintained at 25 °C with
gentle agitationfor2,10,24,48,72,and 96 hours. The solution was
filtered and the metal ion concentration was measured using a
Perkin Elmer Analyst 4100 ZL atomic absorption spectrometer.

2.3.4. Dye adsorption

A 0.05 g of the prepared nanofibrous mats was immersed in a
50 mL of 20 ppm methylene blue dye of pH 6 at room
temperature. A sample of the dye was taken after different
periods of time 2, 24, 48, 72 and 96 h. The absorbance was
measured on a UV-spectrophotometer to determine the dye
exhaustion by the mats at Aysx665 nm.

In another experiment, the prepared mat was immersed in
asample from anindustrial dye effluent (pH 1.8) containing an
acid dye. A0.05 g of the prepared nanofiber mat wasimmersed
in 50 mL of the said dye-containing effluent. The absorbance
of the dye is measured after 2, 24,48, 72,96 h to at Ama 505 nm.

2.3.5. Fourier transform infrared spectroscopy

Infrared spectroscopy was carried out for the prepared mats
of biopolymer and PA6 on Fourier transform infrared
spectrometer (JASCO FTIR-4700, Japan) in the region of 4000-
400 cm™ with spectra resolution of 4.0 cm-1.
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2.3.6. Thermal properties

Thermal gravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were measured using SDT Q2000 Tzero DSC
from TA instruments under nitrogen atmosphere with a rate of
heating 10 °C/min.

2.3.7. X-ray diffraction pattern

The X-ray diffraction pattern was assessed on a Bruker D8
Avance using Cu Ka as the target with secondary mono-
chromator to operate at 40 KV and 40 mA. The scans were
performed within the range of 4° < 26 < 60° with scanning step
0.02° in reflection geometry. The crystallinity index (Cl) was
calculated using the following empirical Eq.1:

Cl=[(lc-1a)/Ic] x 100 (1)

where, Cl is the crystallinity index; Ic is the maximum
intensity of crystal lattice diffraction and la is the minimum
diffraction intensity. In general, higher Cl value indicates
higher crystallinity of the nanofiber sample.

2.3.8. Air permeability

Air permeability of the prepared mats was examined
according to ASTM D737 standard method on an FX 3300 air
permeability tester (TEXTEST AG, Switzerland) at a pressure of
100 Pa. The measurement was carried out with a 1.4 mm
orifice, 17.7 cm? test area, at 762 mm mercury pressure, 20°C,
and 65% relative humidity (Vitchuli et al., 2011).

3. Results and discussion

3.1. Nanofiber morphology and properties

Figure 1(a-d) shows the SEM micrographs of nanofibrous mats
(NFM) obtained by electro-spinning PA6, PA6/K, PA6/S, and
PAB/K-S composites, respectively. It easy to notice in this
figure that the nanofibers obtained from each solution are
haphazardly disseminated on the mats, creating a non-woven
web. As declared in Table 1, the diameter of the obtained
fibres lies within the nanorange which provides huge surface
area of the prepared mats and consequently one would
expect a high capacity of capture of metal ions and dyes from
effluents.

Data in Table 1 elucidates that the thickness, diameter, air
permeability, and porosity of the prepared NFM mats
increased in the order: PA6<PA6/S< PA6/K-S<PA6/K. The
high porosity of PA6/K NFM makes it effective as a
membrane for effective filtration. It has been reported that
effective filters are characterized by their high porosity,
interconnected open pore structure, high permeability, and
a large surface area per unit volume (El-Sayed et al., 2019;
Gopal et al., 2006; Tsai et al., 2002).

The hydrophobic nature of PA6 NFM would account for the
relatively small fibre diameter the nano-fibres obtained by
electro-spinning of this polymer from its solution
(Dhineshbabu et al.,2014), whereas the maximum fibre
diameter obtained from electro-spinning of PA6/K composite is
due to its low viscosity relative to the other solutions used in this
investigation (Nezarati et al.,, 2013). Other factors that may affect
the electrospun fibre diameter include the applied voltage, the
used polymer concentration, the nature of solvent, and the
polymer flow rate (Haidar, et al., 2018; Mit-ippatham et al., 2004).

Results shown in this table reveal also that PA6/K NFM is the
most air-permeable sample. Although this sample has
greatest thickness (0.16 mm) than the other samples, yet it
also has the largest pore size (3715 + 10 nm) which rationalizes
the highest air permeability. Aizawa and Wakui reported that
gas permeability is a function of nanofibers porosity in a direct
relationship (Aizawa & Wakui, 2020).

3.2. Metal adsorption

Removal of heavy metal ions, which are usually used in textile
industries, from their effluents is of prime importance from the
ecological point of view (Tetteh & Rathilal, 2020; El-Sayed et
al., 2004). Table 2 summarizes the results of the efficiency of
different PA6/biopolymer-based NFM in removing some heavy
metal cations from their solutions for different period of times.
Scrupulous investigation of this table infers the following:

The efficiency of PA6 NFM for adsorption of metal ions from
theirsolutionisin the order: Cr'®>Pb">Cr**>Cu*%. At pH 5, Cr (VI)
exists in the aqueous solution of K,Cr,0- in a form of hydrogen
chromate ion (HCrO4”, this would increase the interaction of
the positively charged protonated amino groups in PA6 and
the formed negatively charged species; and hence facilitates
chelation of Cr VI ion with the amino groups of PA6 (Chen et
al., 2008; Minif et al., 2017). The relatively high affinity of PA6
towards Pb* ion may be attributed to the relatively low
hydrated ionic radius of Pb* (401 pm) which enables it to
diffuse easily into the fiber interior followed by chelation of the
metal ion by the lone pair of electrons of the nitrogen atom of
the amino groups in PA 6 (Mobashepor et al., 2012). The
relatively large radii of the hydrated Cr*® and Cu*ions (461 and
419 pm, respectively) would account for the lower efficiency of
PA6 to adsorb these cations from their solutions. A more
significant reason that would hindered the absorption of Cu*and
Cr* ions onto PAG6 is the relatively strong acidic media of the
respective used salts (pH 3.5-4.0 for the former and 2.0-3.0 for the
latter). There will be strong repulsion force between these cations
and the protonated amino groups in PA6 macromolecules,
consequently the chelation of these cations will be hindered.

Similar trends were observed upon using PA6/K, PA6/S, and
PA6/K-S NFM for removal of the same cations from their
aqueous solutions (Cr®>Pb™> Cr*>Cu™).
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The order of the efficiency of the used NFM mats in sorption of
Cr+6 ions from its aqueous solution is: PA6/S = PA6/K-S > PAG/K >
PA6. The superior sorption ability of PA6/S may be attributed to the
synergetic effect of the large number of chelating amino groups
along sericin macromolecules. In case of PA6/K composite, instead

of chelation of Cr*¢ ion by the amino groups, a reversible redox
reaction between Cr* ions and the thiol groups along keratin
macromolecules was taken place (Chakraborty, 2014).

2W-SH + Cr's == W-S-S-W + Cr*? 2)

S pmr
NRC QUANTA(F

Figure 1. Scanning electron micrographs of electro-spun NFM prepared from
solutions of (a) PAG, (b) PA6/K, (c) PA6/S, and (d) PA6/K-S composites.

Vol. 19, No. 4, August 2021 326



Salwa Mowafi et al. / Journal of Applied Research and Technology 322-335

Table 1. Viscosity of the PA6-based composites mats thickness, nanofiber diameter,
pore size, and air permeability obtained by electrospinning of different PA6-based composites.

Pore size (nm)

Viscosity =~ Thickness  Diameter  Airperm.
Sample (cp) (mm) (nm)@ (em*¥/em®S) Minimum  Maximum  Mean

PAG .

NEM 1000 0.06 150® 3.46 40 970 508.4+5
PI\I?SI\//IK 4850 0.16 500 4.49 430 7010 3715+10
PI\IT\EI\//IS 2000 0.09 2009 3.68 130 1990 1073+10
PAG/K- o
S NEM 4000 0.13 250 361 200 4300 225010

a: average of 7 measurements of the diameter of 7 different nanofibres
b: Standard deviation is 1.29, c: Standard deviation is 2.04, d: Standard deviation is 1.34, e: Standard deviation is 2.01.

Table 2. Removal of some heavy metal ions from water using PA6/biopolymer NFM
(the initial concentration of the used heavy metal ions salts is 0.04 mmole/L).

Removal of metal ion (%) after
NFM 2h | 24 h | 48h | 72 h | 96 h
Cr+6 Cr+3 Cu+2 Pb+2 Cr+6 Cr+3 CU+2 Pb+2 Cr+6 Cr+3 Cu+2 Pb+2 Cr+6 Cr+3 Cu+2 Pb+2 Cr+6 Cr+3 Cu+2 Pb+2
PAG 170 63 12 150 370 73 25 166 469 84 886 175 539 95 126 71.7 526 126 164 84.1
PA6/K | 253 74 51 30.0 37.1 105 215 342 569 126 29.1 56 60.7 158 329 81.7 514 16.8 329 89.0
PA6/S | 302 42 63 83 500 53 886 100 643 74 126 133 643 105 17.7 133 633 137 165 16.0
PA6/K-S| 336 63 88 15 457 105 126 166 642 126 139 20 643 13.7 189 233 635 179 17.7 266

On the other hand, sorption ability for removal of Pb*?
jons is in the order: PA6/K > PA6 > PA6/K/S > PAG/S. The
relatively high sorption power of keratin-containing NFM
might be explained in terms of the presence of additional
chelating groups; namely, thiol groups along keratin
macromolecule.

3.3. Dye adsorption

Sericin or keratin-containing NFM are suitable candidates for
removal of anionic and cationic dyes by virtue of the cationic
and anionic niches found along their polypeptide chains
(AbouTaleb et al,, 2019; Haggag et al., 2009; Kantouch et al,,
2012). The said biopolymer composite with PA6 was adopted
to remove methylene blue (cationic colorant) and an acid dye
from a dye effluent (anionic dye). Cationic dyes are widely
used in coloration of acrylic fabrics (El-Gabry et al., 2016)
and the anionic dyes are the most commonly used class of
dyes for coloration of proteinic fabrics (El-Sayed, 2006;
Kantouch et al.,, 2011).

Figures 2 and 3 show that the sorption capacity of the
regenerated PA6 NFM towards the used anionic dye is higher
than the used cationic dye. This can be rationalized in terms of
the protonated nitrogen-containing functional groups along
the polyamide macromolecules. Results of Table Ill revealed
also that the affinity of PA6/K, PA6/S, and PA6/K-S NFM
towards the said dyes is higher than the corresponding PA6
samples, presumably, because of the synergetic effect of the
polar functional groups in keratin and sericin in addition to
PA6. In all cases, the maximum dye sorption is attained after
96 hours for basic dye and 72 hours for acid dye.

Generally speaking, the proposed NFMs may have
comparable efficiency for removal of heavy metal ions as well
as anionic and cationic dyes from wastewater, with other
previously reported materials. Assuming that the prepared
NFMs are better or worse than others from some or few points
of views, however, the prepared NFMs have the advantage of
being prepared from waste materials which makes the overall
process cost-effective with positive ecological impact.
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Figure 2. Exhaustion curve of anionic dye (an acid dye from
dyehous effluent) PAG, PA6/K, PA6/S, PA6/K-S NFM.
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Figure 3. Exhaustion curve of cationic dye (methylene blue)
by PA6, PAB/K, PA6/S, PA6/K-S NFM.
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3.4. Fourier transform infrared spectroscopy
Figure 4 shows the FTIR chart of PAG fiber, PA6 regenerated mat,
keratin and sericin powder, PA6/K, PA6/S, and PA6/K-S NFM.

Spectra of polyamide 6 fibers as well as the corresponding
regenerated electro-spun nanofibers show bands associated
with the crystalline a form (1030, 960, 930 and 830 cm™) and the
bands corresponding to amide V and amide VI in the a structure
at 690 and 580 cm™ respectively (Zoccola et al., 2007).

The FTIR spectrum of keratin displays characteristic band
of amide |, amide Il, and amide Il at 1630 cm™, 1519 cm™, and
1235 cm™ which belong to the stretching vibrations of the
carbonyl group, the bending deformation of N-H bonds and
stretching vibrations of C-N bonds, and C-N bond stretching
and N-H in-plane bending vibrations (Cheng et al., 2016; Jose
et al., 2019). Sericin has a broad amide A band at 3270 cm?,
and amide | and Il peaks at 1650 and 1530 cm™ (Zhang &
Wyeth, 2010).

Figure 4 elucidates also that the FTIR spectra of the NFM
composed of PA6 and keratin, sericin, or mixture thereof
comprise all the bands found in each substrate. Furthermore,
no distinguishing new bands were observed in the said FTIR
spectra. This implies that no alteration in the functional
groups along both PA6 and protein macromolecules during
formation of their composites. Consequently, the mode of
action between PA6 and the said biopolymers is only physical
interaction and not chemical bonding.

3.5. Thermal properties
The thermal behavior of the prepared NFM was monitored
using differential scanning calorimetry (DSC) and thermal
gravimetric analysis (TGA).

Figure 5 elucidates that the temperature at which
maximum decomposition of the NFM was attained between
440-489°C depending on the mat composition. Among all
tested samples, PA6 mat was almost entirely degraded at
445°C, while only 44.5 % of PA6/K-S mat was deteriorated at
450°C. Results of these tables reveal also that PA6 mat was
utterly decomposed at 469°C. On the other hand, about PA6/K
and PA6/S mat withstand heating until 490.5°C. About 11 % of

the former and 5.5 % of the latter remained intact at such
temperature. Maximum thermal stability was recorded for
PA6/K-Swhich retains about 45% of its mass intact until 590°C.
This result is a strong clue that sericin and keratin reinforce
PA6 mats and lead to via formation of extra physical bonds; viz.
hydrogen bond between the said macromolecules.

3.6. X-ray diffraction (XRD) pattern

Figure 6 and Table 3 summarize the main findings of the XRD
pattern of PAG6 fiber as well as its NFM with keratin and sericin.
It was established that PAG exhibits two main crystalline forms,
namely a and vy. PA6 fiber has a sharp peak at 21.4° that
corresponds to crystalline y- form as dominant phase and two
short shoulders at approximately 26= 20° and 23.7° for the a-
crystalline form (Fornes & Paul, 2003). It can be seen from the
data of Table lll that, formation of the nanofibrous mats of PA6
leads to conversion of the a-structure of PA6 to v-
crystallineform.  This hypothesis is supported by the
appearance of 26 at 21.8° and the decrease of the crystallinity
from 43 to 33. The data in this table shows also that the
characteristic peaks of keratin and sericin are present at 28,
10.0 and 11.7; respectively (ki et al., 2007; Liu et al., 2015).

As displayed in Table 3, the crystallinity of PA6/K, PA6/S,
and PA6/K-S NFM is more than that of the analogous
nativepolymers. This may be attributed to the formation of
physical bonds; viz. hydrogen bonds, between the polar
groups along PA6, keratin, and sericin macromolecules which
decreases the freedom of the polymer chains and results in
creations of more crystalline areas (El-Newashy et al., 2019).

Figure 6 shows that there are two peaks appeared in the
XRD pattern of PA6/K sample at 26 (21.8° and 6.8°), PA6/S
sample (at 268 24.06° and 9.1°), and PA6/K-S sample (at 26 20.3°
and 6.7°). The peaks at 20 21.8°, 24.06°, and 20.3° belong to
PA6; whereas those at 26 6.8°, 9.1°, and 6.7° correspond to
keratin, sericin and their blend, respectively. The discrepancy
in the 26 value of keratin and sericin in the PA6/K and PA6/S
NFM relative to the corresponding native ones assures the
binding of keratin and sericin into PA6 polymeric chains, also
the shiftin the d-spacing emphasizes this hypothesis.
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Figure 4. FTIR spectra of PA6 fibers, keratin powder (KP), sericin
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and PA6/K-S nanofibrous mats.
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Table 3. Crystal structure of PA6 fibers, keratin, sericin,
and PA6-based nanofibrous mats.

| Crystallinity
Sample 26 d-spacing (A) index (%)

20.2 4.4

PAG fibers 43.0
234 3.8
, 19.8 45

Keratin powder 38.0
10.0 8.8
N 14.6 6.1

Sericin powder 39.7
11.7 7.5
21.8 4.1

PAG-NFM 33.0
239 3.7
24.1 3.7

PAG/S NFM 40.9
9.1 9.5
219 4.1

PAB/K NFM 59.0
6.8 13.1
20.3 4.4

PA6/K-SNFM 47.5
6.7 13.2

Counts

PA6/S- NFM
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Figure 6. XRD pattern of PAG fiber, PAG-NFM,
PAG/K, PAG/S and PAG/K-S NFMs.

60

Vol. 19, No. 4, August 2021 331



Salwa Mowafi et al. / Journal of Applied Research and Technology 322-335

4, Conclusions

PA 6-based NFMs with sericin and keratin wastes were
successfully electro-spun into NFM. The prepared mats have
the potential for sorption of heavy metal cations as well as the
anionic and cationic dyes from wastewater for different
extents depending on the composition of the NFM and the
nature of the dye or cation; the exposure time is also another
important concern. The efficiency of all examined NFMs for
adsorption of cations from their solution is in the order:
Cr'®>Pb">Cr*>Cu*. The efficiency of the used NFMs in
sorption of Cr*® and Pb*ions from their aqueous solutions was
found to be PA6/S = PA6/K-S > PAG/K > PA6 and PAG/K > PAG >
PAB/K/S > PA6/S, respectively. The results of XRD, TGA, and
DSC assure that keratin and sericin reinforced PA 6 NFMs have
higher crystallinity, and thermal stability than the
corresponding native polymers.

This work has positive environmental and economic
impact by virtue of the extraction of keratin and sericin from
waste materials followed by their utilization in reinforcement
and functionalization of PA6 nanofibrous mats for sorption of
heavy metal ions as well as dyes from textile effluents. Further
work will be conducted in our laboratory for analysis of the
surface properties of the prepared NFMs using some
techniques such as AFM and XPS.
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