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SUMMARY
Chicken feathers present a problem for the poultry industry as a waste material. They
are currently being used as animal feed or disposed by burial. Chicken feathers are
approximately 91% protein (keratin), 1% lipids, and 8% water. Because of a very
low density, excellent compressibility and resiliency, heat retention and typical
morphology, poultry feather barbs and barbules are preferable in comparison to other
natural and synthetic fibers. In addition to the typical structure and properties,
poultry feather fibers are cheap, abundantly available and constitute a renewable
source for animal fibers. Applications of keratin preparations in the cosmetic
industry are the best known. There are researches to use keratin in various kinds of
composites, biodegradeable nonwovens such as sanitary and medical applications
and in biotechnology.
In this study, extraction and solubilisation conditions of keratin from chicken feather,
synthesis of keratin-graft-polyacrylonitrile-co-polyvinylpyrrolidione by redox
polymerization, characterization of keratin and keratin-graft-polyacrylonitrile-copolyvinylpyrrolidione in terms of thermal, rheological, mechanical and
morphological analyses and electrospinning of keratin-graft-polyacrylonitrile-copolyvinylpyrrolidione to produce fibers were investigated.
Soxhlet extraction system used in order to eliminate lipid and residue compounds
that found into chicken feather by using organic solvents that are dichloromethane
and toluene. After extraction process, chicken feathers dried at vacuum drying oven
and cut into small pieces by using blender. Dewaxed chicken feathers were mixed
with water, NaOH and Na2S. The reaction was conducted in a water bath under
dynamic conditions. With the help of magnetic stirrer, all compounds are mixed and
all solid materials dissolved under the basic condition. The pH of keratin solution
was adjusted to 4,2 by using diluted HCl in order for precipitation of keratin. The
optimum conditions were found as 3,0 mole/L NaOH, 0,2 mole/L Na2S, 25°C and
3,5 hours. After the process, the keratin solution was filtered in order to remove the
insoluble parts, washed with acetone and dried by lyophilizator. The maximum yield
was 90 %. Keratin was confirmed by spectral analysis. Characteristic amide A,
amide B, amide I, amide II and amide III regions were observed in FTIR spectrum. It
was observed that the majority of keratin had α-helix structure. Characteristic signals
were seen in 1H-NMR spectrum.
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At the second step, keratin was copolymerized with acrylonitrile and
vinylpyrrolidone in order to produce textile fibers. In grafting mechanism, keratin
was used as a reducing agent due to the active hydrogens it had on -OH, -SH and
-NH groups. Ammonium persulfate/sodium metabisulfite was used as redox initiator
pair. From various experiments, it was found out that polymerization efficiency
depended on amounts of keratin, amount of acrylonitrile and vinylpyrrolidone
concentration of ammonium persulfate and sodium metabisulfite, temperature and
reaction time. The optimum conditions were found as 0,25 g keratin, 0,122 mole
acrylonitrile, 0,02 mole vinylpyrrolidone, 6,14 mmole ammonium persulfate, 5,3
mmole sodium metabisulfite at 35°C during 3 hours. The maximum yield was
63,1%. Keratin-graft-polyacrylonitrile-co-polyvinylpyrrolidione copolymers were
confirmed by FTIR and 1H-NMR analysis.
Keratin and keratin-graft-polyacrylonitrile-co-polyvinylpyrrolidione copolymers
were characterized with rheological, thermal and morphological analysis. Rheology
measurements determined the flow characteristics of samples.
Thermal analysis were performed by DSC and TGA. According to DSC results, glass
temperature of the keratin is 196oC but copolymers of keratin are between 131168oC. In addition to that crystallization temperature and melting point of keratin is
332oC and 471oC respectively. However, crystallization temperature and melting
point of graft copolymers are 265-292oC and 389-409oC. As a result, amount of
polyacrylonitrile and polyvinylpyrrolidione, reaction temperature and other
polymerization conditions affect thermal resistance of polymer.. TGA results also
showed that keratin decomposition was started at 38oC, but copolymers were started
between 111oC to 124oC, which related to amount of acrylonitrile and
vinylpyrrolidone.
After copolymers were synthesized, several polymers solutions were prepared at 15 %
w/w concentration in 20/80 % w/w DMF/DMSO solvent pair for electrospinning.
Solution were electrospun with 3ml/h flow rate and under 30 kV. The distance
between needle and the plate was 15 cm. 1 needle used for spinning.
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ÖZET
Son yıllarda beyaz et ürünlerinin daha sağlıklı ürünler olduğu anlaşılınca, tavuk
tüketimi her geçen gün daha fazla artış gösterdi. Tavuk tüketimi arttıkça, tavuk
tüyleri daha fazla sorun teşkil etmeye başladı.
Tavuk tüyleri, tavuk üretim tesislerinde atık madde olarak sorun teşkil ederler.
Hâlihazırda hayvan yemi olarak kullanılmakta ya da gömülerek imha
edilmektedirler. Her yıl tüm dünyada yaklaşık olarak 1,8 milyon ton tavuk tüyü
ortaya çıkmaktadır. Türkiyede ise yaklaşık olarak 30000 ton tavuk tüyü
üretilmektedir. Her yıl ortaya çıkan bu miktardaki tavuk tüyünden yanlızca %8’i
kullanılabilmektedir. Geri kalan ürünler ise atık olarak yok edilmektedir. Bu yüzden
diğer liflere göre (yün, ipek..) daha düşük maliyetli bir üründür.
Tavuk tüyleri % 91 oranında keratin adındaki protein, % 1 yağ bileşenleri ve % 8
sudan oluşmaktadır. Tüylerin düşük yoğunluk, yüksek sıkıştırılabilirlik ve elastikiyet,
ses geçirgenliğini azaltma, sıcak tutma, karakteristik morfoloji gibi özellikleri onların
lif olarak tercih edilmesine neden olmaktadır. Keratinin en yaygın olarak kullanıldığı
endüstri kozmetiktir. Keratini çeşitli kompozitlerde, hijyenik ve sağlık uygulamaları
için biyobozunur dokumasız kumaşlarda, biyoteknolojide kullanmak üzere çeşitli
çalışmalar yapılmaktadır.
Bu çalışmada,
tavuk tüylerinden
yağ
bileşenlerinin ayrılması
ve
çözünürleştirilmeleri, redoks polimerizasyonu ile keratin-graft-poliakrilonitril-kopolivinilpirolidon kopolimerinin sentezlenmesi, keratin ve keratin-graftpoliakrilonitril-ko-polivinilpirolidon reolojik, termal ve morfolojik analizlerinin
yapılması, keratin-graft-poliakrilonitril-ko-polivinilpirolidion polimerinden yola
çıkılarak elektrospın yöntemiyle lif elde edilmesi amaçlanmıştır.
Tavuk tüyünde bulunan lipid ve artık maddeleri ortadan kaldırmak amacıyla
diklorometan ve toluen gibi organik çözücülere sahip sokslet sistemi kullanılmıştır.
Tavuk tüyleri sokslet sistemi sayesinde 6 saat boyunca organik çözücülere maruz
bırakılarak üzerinde bulunan yağlar ve diğer kirliliklerden arındırılmıştır.
Ekstraksiyon işleminden sonra, tavuk tüyleri vakum kurutma fırınında kurutulmuş ve
blender kullanarak küçük parçalar haline getirilmiştir. Tavuk tüyünün sert
kısımlarının iyi çözülmesi için kesim işlemi önemli bir parametredir. Çünkü sert
kısımlar ne kadar iyi parçalanırsa bazik ortamda o kadar rahat çözünürler.
Yağı alınmış tavuk tüyleri ile su, sodyum hidroksit ve sodyum sülfür karıştırıldı.
Reaksiyon su banyosunun içinde gerçekleştirildi. Manyetik karıştırıcı yardımı ile,
tüm bileşikler karıştırıldı ve bütün katı maddeler bazik koşullar altında çözüldü.
Keratini çöktürmek için seyreltik HCl kullanılarak çözeltinin pH değeri 4.2’ ye
ayarlandı. En uygun koşul 3,0 mol/L NaOH, 0,2 mmol/L Na2S, 25°C ve 3,5 saat
olarak bulunmuştur. Oluşan çözelti seyreltik hidroklorik asitle pH 4.2’de
çöktürülmüş ve keratin elde edilmiştir. Daha sonra çözünmemiş parçalar keratinden
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ayrılmış, keratin asetonla yıkanmış ve liyofilizatörle kurutulmuştur. En yüksek
keratin eldesi verimi %90 olarak bulunmuştur.
Elde edilen keratin belirli analizlerle doğrulanmıştır. Spektral analizler için FTIR ve
1
H-NMR analizleri yapılmıştır. FTIR spektrumunda karakteristik amid A, amid B,
amid I, amid II ve amid III titreşimleri görülmüştür. Göze batan en önemli pikler,
3200-3300 cm-1 lerde görülen N-H grupları, 1600-1700 cm-1 lerde görülen C-O ve
C=O grupları ve 750 cm-1 altında görülen S-H ve S-S gruplarıdır. Yapılan FTIR
analizlerin tümünde bu gruplar bariz olarak görülmektedir. 1H-NMR spektrumunda
da karakteristik sinyaller görülmüştür. Keratinin diğer protein yapılarından ayıran en
önemli aminoasit sisteindir. Bu aminoacid diğer proteinlere göre daha fazla oranda
keratinde bulunmaktadır ve içerisinde S-H bağları bulunmaktadır. Bu S-H bağları
1
H-NMR spektrumda 1,76 ppmde pik vermektedir. Yaptığımız keratinlerin tümünde
bu pikler görülmektedir. Ayrıca aromatik grupların 6,5-7,5 ppm civarlarında
verdikleri pikler ise keratinde bulunan L-tirozin ve L-fenilalanin aminoasitlerinin
diğer göstergeleridir. Diğer aminoasitler ise genelde 3,5-4,5 ppm civarlarında pik
verdikleri için bu pikler içiçe geçmiş durumdalar ve o bölgede büyük bir pik
vermişlerdir.
İkinci adımda, keratin lif oluşturmak amacıyla akrilonitril ve vinilpirolidon
monomerleriyle kopolimerleştirilmiştir. Keratinin üzerinde bulundurduğu -OH, -SH
ve -NH gibi gruplardaki aktif hidrojenleri nedeniyle indirgen bileşik olarak
davranacağı düşünülerek redoks polimerizasyonu uygulanılmasına karar verilmiştir.
Başlatıcı çifti olarak amonyum persulfat/sodyum merabisülfit kullanılmıştır. Yapılan
çeşitli deneyler sonucunda, polimerleşme veriminin keratin, vinilpirolidon ve
akrilonitril miktarlarına, amonyum persulfat konsantrasyonuna, sodyum
metabisülfitin varlığına ve konsantrasyonuna, sıcaklığa ve reaksiyon süresine bağlı
olduğu bulunmuştur. En uygun polimerleşme koşulları 0,25 g keratin, 0,122 mol
akrilonitril, 0,02 mol vinilpirolidon, 6,14 mmol amonyum persulfat, 5,3 mmol
sodyum metabisülfit, 35°C ve 3 saat olarak bulunmuştur. En yüksek verim olarak %
63,1’e ulaşılmıştır. Yapılan kopolimerler genelde düşük sıcaklıkta (35oC) yapılmıştır.
Yüksek sıcaklıklarda daha yüksek verimler elde edilmesine rağmen homopolimer
olma ihtimali daha yüksektir. Bu ihtimali minimize etmek için düşük sıcaklıklar
tercih edilmiştir.
Oluşturulan kopolimerler aynen keratinde olduğu gibi spektral analiz yapılarak
akrilonitril ve vinilpirolidon monomerlerinin keratine katılımları incelenmiştir. FTIR
spektrum analizine göre, 2200 cm-1 lerde görülen keskin pikler nitril pikleridir. Buda
akrilonitrilin katıldığının ispatıdır. Ayrıca 1600-1700 cm-1 lerdeki C-O ve C=O
piklerinin değişimide vinilpirolidon katılımının ispatıdır. Bunlara ek olarak 750 cm-1
altındaki piklerin değişimide monomerlerin S-H grupları üzerinden katılıdığının
ispatıdır.
Kopolimerlerin, 1H-NMR spektrum analizine göre belirli piklerdeki değişimler,
monomerlerin katılımlarını ispatlar niteliktedir. Özellikler 1,78 ppmlerde görülen SH pikleri kopolimerlerde görülmemektedir. Buda S-H gruplarından hidrojenler
xx

koparak yerine monomerlerin katıldığını ispatlamaktadır. Diğer bir deyişle,
monomerlerin özellikle sistein aminoasitleri üzerinden kopolimer yaptığını
göstermektedir. Ayrıca 6,5-7,5 ppmlerde görülen aromatik gruplardada değişim
gözlenmiştir. Buda L-tirozin ve L-fenilalanin aminoasitlerinin değişim gösterdiğini
ispatlar.
Keratin ve keratin-graft-polyakrilonitril-ko-polyvinilpirolidion kopolimerleri,
reolojik, termal ve morfolojik analizlerle karakterize edilmişlerdir. Reolojik
ölçümlerle akış özellikleri belirlenmiştir. Örneklerin hepsi pseudoplastik özellik
göstermektedir. Ayrıca oluşturulan kopolimerlerin ve keratinin histerisis alanlarına
bakılınca, bütün polimerler tiksotropik özellik göstermektedir. Ayrıca kopolimerlerin
histerisis alanları keratine göre çok daha yüksektir. Buda kopolimerlere şekil verme
özelliklerinin daha fazla olduğunu gösterir.
Termal analizler DSC ve TGA ile gerçekleştirilmiştir. DSC sonuçlarına göre,
keratinin camsı geçiş sıcaklığı 196 derece fakat keratin polimerinin 131-168oC
arasındadır. Buna ek olarak kristalleşme sıcaklığı ve erime noktası 332oC ve
471oC’dir. Buna karşın, graft kopolimerin kristalleşme sıcaklığı ve erime noktası
265-292oC ve 389-409oC’dir. Sonuç olarak, polimerin termal dayanımı etkileyen
başlıca faktörler poliakrilonitril ve polivinilpirolidon miktarı, reaksiyon sıcaklığı ve
polimerizasyon şartlarıdır.
Yapılan kopolimerlerin molekül ağırlıklarını belirlemek için “Gel Permeation
Chromatography” (GPC) analizi yapılmıştır. Bu analize göre, kopolimerlerin Mn ve
Mw değerleri bulunmuştur. Bu değerler sayesinde bütün kopolimerlerin PDI (poly
dispersity indeks) değerleride bulunmuştur. Bu analizleri göre Mn değerleri 1300019000 arasında değişmektedir. Mw değerleri ise 77000-90000 arasında
değişmektedir. Ayrıca PDI değerleri ise 4,70 ile 4,88 arasında değişmektedir. PDI
değerlerini etkilen önemli faktörler sıcaklık, momomer ve başlatıcı
konsantrasyonudur.
Kopolimerlerin sentezinden sonra, ağırlıkça % 20/80 DMF/DMSO çözücü çiftinde
ağırlıkça % 15 polimer içeren çözeltiler hazırlanarak elektrospin yöntemi ile lif elde
edilmiştir. Çeşitli denemelerden sonra bu polimer için en ideal elektrospin
koşullarının 3 ml/sa akış hızı, 30 kV voltaj, 15 cm iğne-tabaka mesafesi olduğu
bulunmuştur. Tek iğneli spinning yapılmıştır.
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1. INTRODUCTION AND AIM
Processing poultry feather biomass into useful products presents interesting
opportunities of recycling agricultural waste material (Martelli et al., 2006).
In comparison to cotton, wool and silk, poultry feather biomass as such cannot use
into beneficial products because of the complex structure of the feathers. However,
the secondary and the tertiary structures of the feathers, i.e. the barbs and the
barbules have the morphology and properties that make them suitable for use as
reinforcement or filler in composites for several applications (Barone et al., 2005).
The keratin included in chicken feathers is a very inconvenient and troublesome
waste product of the poultry-farming industry, and therefore it is presently the object
of intensive investigations in many researches. Many publications and patents
proposing applications for this biopolymer have been issued as a result of these
research works (Tanabe et al., 2002). Keratin is insoluble in water, weak acids and
bases, as well as in organic solvents. The amino-acid content of keratin is
characterised by a high cystine content (and at the same time sulphur), which may
change within 2% wt and 18% wt, a significant amount of hydroxyamino-acids,
especially serine (about 15% wt), and a lack of hydroxyproline and hydroxylisine,
among other substances. The chemical activity of keratin is connected in a significant
degree to the cystine content. The disulphide bond that is formed between two
cysteine molecules is responsible for the high strength of keratin and its resistance
against the action of proteolitic enzymes. On the other hand, keratin is very reactive,
as cystine can easily be reduced, oxidised, and hydrolysed (Wolski et al., 1995).
In this study, it was aimed to recycle waste chicken feathers by obtaining soluble
keratin; to copolymerize keratin with acrylonitrile by redox polymerization using the
functional groups on soluable keratin; to electrospin textile fibers from these
copolymers and to characterize the copolymers with spectral, rheological, thermal,
mechanical and morphological analysis.

1

2

2. THEOROTICAL PART
2.1 Chicken Feather
Keratin from chicken feathers is a by-product which is available in great amounts,
and which is only used in a small degree. The amount of this waste is continuously
increasing, in connection with the increase in fowl meat production. The keratin
included in chicken feathers is a very inconvenient and troublesome waste product of
the poultry-farming industry, and therefore it is presently the object of intensive
investigations in many researches. Many publications and patents proposing
applications for this biopolymer have been issued because of these research works
(Wrześniewska et al., 2006).
In comparison to cotton, wool and silk, poultry feather biomass as such cannot use
into useful products because of the complex structure of the feathers. However, the
secondary and the tertiary structures of the feathers, i.e. the barbs and the barbules
have the morphology and properties that make them suitable for use as reinforcement
or filler in composites for several applications. Because of a very low density,
excellent compressibility and resiliency, heat retention and typical morphology,
poultry feather barbs and barbules are preferable in comparison to other natural and
synthetic fibers. In addition to the typical structure and properties, poultry feather
fibers are cheap, abundantly available and constitute a renewable source for animal
fibers (Salhi et al. 2011). The density of poultry feather is about 0,8 g/cm3 compared
to about 1,3 g/cm3 for wool and about 1,5 g/cm3 for cellulose fiber. None of the
natural or synthetic fibers commercially available today has a density as low as that
of chicken feathers. Such unique properties make barbs preferable for many
applications such as textiles and composites used for automotive applications. In
addition to the unique structure and properties, barbs are cheap, abundantly available
and a renewable source for protein fibers (Reddy et al. 2007).
Poultry feathers contain about 90% protein and are a cheap and renewable source for
protein fibers (Wrześniewska et al., 2006). The secondary structures of the feathers,
the barbs are in fibrous form and could be a potential source as protein fibers. More
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than 4 billion pounds of chicken feathers produced in the world every year (Barone
et al. 2006). In addition, approximatelly 30000 tonnes chicken feather produces in
Turkey (TUIK 2009). About 50% of the weight of the feathers is barbs and the other
50% is rachis. Even assuming that 20% of the barbs have lengths greater than 1 inch
required for textile applications, about 400 million pounds of barbs will be available
as natural protein fibers every year. This means an availability of 8% of the protein
fibers consumed in the world every year. Since the two natural protein fibers, wool
and silk are relatively expensive fibers, using the low cost barbs as protein fibers will
make many protein fiber products to be economical and add high value to the
feathers (Reddy et al. 2007).

Figure 2.1 : Three structural levels of the feather.
The Rachis is the primary, the barbs are the secondary and the barbules that are
attached to the barbs (not seen at this magnification) are the tertiary structures of the
feathers (Figure 2.1).
2.2 Information about Protein and Keratin
2.2.1 Protein Structure
Proteins are responsible for many physiological functions, such as the transport and
storage of oxygen in the body and the contraction of muscles. Peptides and proteins
are polymers of amino acids linked together by amide bonds (Bruice, 2004). The
repeating units are called amino acid residues. Amino acid polymers can be
composed of any number of monomers. A dipeptide contains two amino acid
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residues, a tripeptide contains three, an oligopeptide contains three to 10, and a
polypeptide contains many amino acid residues. Proteins are naturally occurring
polypeptides (Figure 2.2) that are made up of 40 to 4000 amino acid residues.
Proteins are macromolecules (polypeptides) with a complex structure that is
important to their function.

C-N double bond character in amide
(peptide) bonds

Planar peptide bond segments
Figure 2.2 : A peptide bond segments
Proteins are described by four levels (Alberts B. et al., 1998; Bischof et al., 2005).


The primary structure of a protein is its linear sequence of amino acids.



Secondary structure is the local spatial arrangement of a polypeptide’s
backbone atoms without regard to the conformations of its side chains.



Tertiary structure refers to the three-dimensional structure of an entire
polypeptide.



Many proteins are composed of two or more polypeptide chains, loosely
referred to as subunits. A protein’s quaternary structure refers to the spatial
arrangement of its subunits.

The four levels of protein structure summarized in Figure 2.3.
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(a) ±Lys±Ala±His±Gly± Lys± Lys±Val±Leu±Gly-Ala±
Primary structure (amino acid sequence in polypeptide chain)
(b)
(c)

Secondary
structure (helix)

(d)

Tertiary structure:
one complete protein
chain

Quanternary structure: the
four separate chains of
hemoglobin assembled into
an oligomeric protein
Figure 2.3 : (a) Primary structure, (b) secondary structure, (c) tertiary structure, and
(d) quaternary structure.
Protein secondary structure includes the regular polypeptide folding patterns such as
helices, sheets, and turns. A few elements of protein secondary structure are so
widespread that they are immediately recognizable in proteins with widely differing
amino acid sequences. Both the α-helix and the β-sheet are such elements; they
called regular secondary structures.
In the α helix, the backbone hydrogen bonds are arranged such that the peptide C=O
bond of the nth residue points along the helix axis toward the peptide N-H group of
the (n+4)th residue. This results in a strong hydrogen bond that has the nearly
optimum N….O distance of 2.8 Å. Amino acid side chains project outward and
downward from the helix (Figure 2.4), thereby avoiding steric interference with the
polypeptide backbone and with each other (Pauling et al. 1951). The core of the helix
is tightly packed; that is, its atoms are in van der Waals contact.
In 1951, the same year Pauling proposed the α-helix, Pauling and Corey postulated
the existence of a different polypeptide secondary structure, the β-sheet. Like the
α-helix, the β-sheet uses the full hydrogen-bonding capacity of the polypeptide
backbone. In β-sheets, however, hydrogen bonding occurs between neighboring
polypeptide chains rather than within one as in an α-helix.
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Figure 2.4 : Space-filling model of an α-helix
Sheets come in two varieties:
1. The antiparallel β-sheet, in which neighboring hydrogen-bonded polypeptide
chains run in opposite directions (Fig. 2.5a)
2. The parallel β-sheet, in which the hydrogen-bonded chains extend in the same
direction (Fig. 2.5b)

Figure 2.5 : (a) An antiparallel β-sheet. (b) A parallel β-sheet
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Dashed lines indicate hydrogen bonds between polypeptide strands. Side chains are
omitted for clarity. (a) An antiparallel β-sheet. (b) A parallel β-sheet.
The conformations in which these β structures are optimally hydrogen bonded vary
somewhat from that of the fully extended polypeptide. Therefore, they have a rippled
or pleated edge-on appearance (Fig. 2.6) and for that reason are sometimes called
“pleated sheets.” Successive side chains of a polypeptide chain in a β-sheet extend to
opposite sides of the sheet with a two-residue repeat distance of 7.0 Å.

7.0 Å

Figure 2.6 : Pleated appearance of a β-sheet
The tertiary structure of a protein describes the folding of its secondary structural
elements and specifies the positions of each atom in the protein, including those of its
side chains.
Proteins fold spontaneously in solution in order to maximize their stability. The
stabilizing interactions include covalent bonds, hydrogen bonds, electrostatic
attractions and van der Waals interaction. Stabilizing interaction can occur between
peptide groups (atoms in the backbone of the protein), between side- chain groups
and between peptide and side-chain groups. Because the side-chain groups help
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determine how a protein folds, the tertiary structure of a protein is determined by its
primary structure. Disulfide bonds are the only covalent bonds that can form when a
protein folds. The other bonding interactions that occur in folding are much weaker,
but because there are so many of them, they are the important interactions in
determining how a protein folds. In figure 2.7, a collagen triple helix structure is
shown which is a type of tertiary structure.

Figure 2.7 : The collagen triple helix
Most proteins, particularly those with molecular masses 100 kD, consist of more than
one polypeptide chain. These polypeptide subunits associate with a specific
geometry. The spatial arrangement of these subunits is known as a protein’s
quaternary structure.
If a protein has more than one polypeptide chain, it has quaternary structure (Bruice
et al., 2004). The quaternary structure of a protein is the way the individual protein
chains are arranged with respect to each other. Proteins that have more than one
peptide chain are called oligomers. The individual chains are called subunits. The
subunits are held together by the same kinds of interactions that hold the individual
protein chains in a particular three-dimensional conformation: hydrophobic
interactions, hydrogen bonding, and electrostatic attractions. The quaternary structure
of a protein describes the way the subunits are arranged in space.
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2.2.2 Keratin Structure
Keratin is a highly durable protein that provides structure to several types of living
tissues. It is a major component of mammalian hair and hooves, mammalian and
reptilian nails and horns, reptile and fish scales, bird feathers, bird beaks, and the
outermost layer of skin in most animals. Keratin provides a tough, fibrous matrix to
these tissues. An important quality of keratin is its ability to flex in multiple
directions without tearing (Balin, et al, 1998).
Table 2.1 : Amino-acid composition (mol/100 mol) of cuticle, cortex and keratin
(Moore et al., 2006; Vasconcelos et al., 2008)
Amino acid

Abbreviation

Keratin

Cuticle

Cortex

Cysteic acid
Aspartic acid
Threonine
Serine
Glutamic acid
Proline
Glycine
Alanine
Lanthionine
Valine
Cystine
Methionine
Isoleucine
Leucine
Tyrosine
Phenylalanine
Ornithine
Lysine
Histidine
Arginine

CysO3
Asp
Thr
Ser
Glu
Pro
Gly
Ala
Lan
Val
(Cys)2
Met
Ile
Leu
Tyr
Phe
Orn
Lys
His
Arg

4-6
3-5
9-15
8-11
7-9
6-11
3-5
5-7
7-20
0,3-1,3
3-5
7-9
2-5
4-5
0,5-1,2
0,4-1
5-6

1,84
3,47
4,96
16,32
11,06
10,92
9,66
6,06
0,46
8,05
9,39
0,47
2,22
4,79
1,29
1,67
0,25
3,56
0,57
2,87

0,68
5,73
8,08
11,7
13,9
8,86
6,37
4,96
6,13
8,94
0,29
2,86
6,8
1,68
1,92
1,49
2,9
0,99
6,96

Presland et al. (1989a, 1989b) reported that the avian 3-keratins form a multigene
family of about 20 proteins that are coordinately synthesized during growth and
differentiation in the embryonic feather. According to O’Donnell (1973), there are
only minor differences in amino acid composition of different feather parts. Feather
keratins have a molecular mass of approximately 10000 g/mole. A high degree of
homology exists between the amino acid sequences of feather proteins that have been
determined so far. The distribution of residues is highly non-uniform, with the basic
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and acidic residues and the cysteine residues concentrated in the N- and C-terminal
regions. The sequence is largely composed of cystine, glycine, alanine, valine,
proline, glutamic acid, leucine and serine, but lower amounts of lysine, methionine
and hystidine (Moore et al., 2006; Cheung, et al., 2009). The amino acid content of
keratin is characterised by a high cystine content, which may change within 2% wt to
18% wt and an important amount of hydroxyaminoacids, especially serine, about
15% wt that shows at table 2.1.
Keratin is the major structural fibrous protein providing outer covering such as hair,
wool, feathers, nails, and horns of mammals, reptiles, and birds. At the molecular
level, the most distinctive feature is the high concentration in cysteine residue (7-20
number % of the total amino acid residues). These cysteine residues are oxidized to
give intermolecular and intramolecular disulfide bonds, which decide about
mechanical, thermal, and chemical properties of chicken fibers. Chicken keratins are
a family of proteins that can be roughly classified into two groups: the intermediate
filament proteins and the matrix proteins.
Keratin's microscopic structure is the key to its durability and flexibility. The
molecules of this protein twist into coils called alpha helices and contain many
disulfide bonds (bonds between pairs of sulfur ions). Disulfide bonds are particularly
stable and can resist the action of proteolytic enzymes, which specialize in breaking
apart proteins (Fraser et al., 1972).
Polypeptide chains

Alpha Keratin

Beta Keratin

Beta keratin
Streched position

Figure 2.8 : α-keratin and β-keratin
β-keratin or beta-keratin (not to be confused with β-carotene) is rich in stacked
β-pleated sheets, in contrast to alpha-keratin, a fibrous protein rich in alpha helices
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(Fiure 2.8). The hard α–keratin is a filament protein found in mammalian epidermal
appendages (hairs, quills, horn, nails, etc.) and rachis part of chicken feather distinct
from feather β–keratin found in avian and reptilian tissues. The hair is the most
sophisticated biological composite material (Popescu, C. et al., 2007).
At high resolution, the intermediate filament protein (Figure 2.9) is made of a central
rod domain of amino acid sequences containing an aminoacid heptad repeat unit, and
separated by loop links (Parry D. et al., 1985; Steinert P. et al 1998). At the extremity
of the rod domain are located the globular C- and N-terminal domains arranged
mostly in β-sheets and formed of sulphur rich compounds (Parry D. et al., 2005;
Powell B. C. et al., 1997 ).

rod domain of
amino acid

disulphur
bonds

Figure 2.9 : 3-D structure of hard-alpha keratin
Two strands of α-helices are coiled coil to form a superhelical dimer. At the medium
resolution, i.e. the intermediate level arrangement of the heterodimers inside
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intermediate filaments, the molecules are assembled both longitudinally and laterally
in an ensemble called a microfibril (Birbeck, et al., 1957). The dimers are associated
as tetramers, which group to form a long cylinder-shaped intermediate filament with
32 keratin chains in cross-section. At lower structural resolution, the bundles of
parallel intermediate filaments are organized in amorphous and disordered crystalline
lateral network. These are embedded in a sulphur-rich protein matrix of intermediate
filaments associated proteins and form a macrofibril, the main morphological
components of hard α-keratin fibers (Popescu, C et al., 2007; Er Rafik et al., 2004)
The chemical activity of keratin is connected in a significant degree to the cystine
content (Schrooyen et al., 2000). A distinctive feature of keratins, when compared to
other major fibrous proteins, such as collagen, elastin, and major fibrillar proteins, is
the occurrence of a large amount of cysteine residues, mainly present as the disulfide
bonded dimeric amino acid cystine. Steric hindrance causes the trans configuration to
be more stable than the cis configuration, so the of adjacent a-carbons of amino acids
are trans to each other (Bruice, 2004). When thiols are oxidized under mild
conditions, they form disulfides. A disulfide is a compound with an S-S bond.
Because thiols can oxidize to disulfides, disulfides can reduce to thiols. Cysteine is
an amino acid that contains a thiol group. Two cysteine molecules therefore can
oxidize to a disulfide. This disulfide called cystine. This is known as a disulfide
bridge. Disulfide bridges are the only covalent bonds that can form between
nonadjacent amino acids (Figure 2.10). They contribute to the overall shape of a
protein by holding the cysteine residues in close proximity. Keratin contains an
unusually large number of cysteine residues (about 8% of the amino acids), which
give it many disulfide bridges to maintain its three-dimensional structure. Because of
this extensive cross-linking and a high amount of hydrophobic residues, keratins are
insoluble in polar solvents such as water, as well as in apolar solvents. The
disulphide bonds which is formed between two cysteine molecules is responsible for
the high strength of keratin and its resistance against the action of proteolitic
enzymes (Wrzesniewska et al., 2007). On the other hand, keratin is very reactive, as
cystine can easily be reduced, oxidised, and hydrolysed.
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Figure 2.10 : Disulfide bridges cross-linking portions of peptides
The keratin arrangement and structure in different keratotic materials is very
complex (Zoccola et al.,2008). Animal hair are composed of three main
morphological components, namely the cuticle, that consist of a thin layer of flat
overlapping cells surrounding the cortical cells, the cortex, which is made of spindle
shaped cells arranged in the direction of the fiber axis, and the cell membrane
complex which perform the function of cementing cortical and cuticular cells
together. Moreover, each cortical cell is composed of microfibrils, made of multiple
α-helical, closely packed, low sulphur subunits, embedded in a matrix containing two
non-filamentous protein types, namely the high-sulphur proteins and the glycine- and
tyrosine-rich proteins.
Feathers consist of a regular network of dichotomically branched barbs and barbules,
which are consisting of corneocytes containing a resistant type of keratin, termed
feather keratin. Feather keratins contain β-pleated sheets in some regions of their
molecules, give an X-ray pattern of β-type and are capable of forming filaments.
Horn and hooves are composed of a core of bone (the distal phalanx in the hoof)
surrounded by a thick keratin covering. Keratin molecules, with different
biomechanical properties and molecular weights, with varying degrees of hardness
and sulphur concentration, are expressed in hoof tissue.
The cysteine residues in keratin are oxidized to give inter- and intra-molecular
disulfide bonds, which may result in the mechanically strong three-dimensionally
linked network of keratin fiber (Martelli, S.M. et al., 2006). The flexible but tough
property of wool and feathers may be attributed to this characteristic structure of
keratin fiber. The central portion is rich in hydrophobic residues and has a β-sheet
conformation (Arai et al., 1983). There are essentially two types of keratin,
traditionally classified as either soft or hard (Schrooyen et al., 2001). The soft
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keratins, with a low content of disulfide bonds, are found in the stratum comeum and
callus, whereas the hard keratins are found in epidermal appendages such as feathers,
hair, nails, and hoofs and have high disulfide content. Apparently, the amount of
disulfide bonds determines largely whether a keratinous material is soft, flexible, and
extensible, like the epidermis, or hard, tough, and inextensible, like hair or feathers.
According to the amino acid sequence, keratin has about 40% hydrophilic chemical
groups and 60% hydrophobic chemical groups in its structure. The protein molecules
can then assemble into an α-helix, a β-sheet, or a random coil macrostructure
(Schmidt, W.F. and Line, M.J., 1996). Keratin feather fiber is 41% α-helix, 38% β
sheet, and 21% random (disordered) structures. The α-helical structure contains intramolecular hydrogen bonds between the amide and carbonyl groups in the protein
backbone. The β-sheet structure contains interchain hydrogen bonding between the
amide and carbonyl groups in the protein backbone. The hydrogen bonding can be
correlated with the bound water in the protein structure (Schmidt and Jayasundera,
2003). The helices can pack together to form crystals. The semiciystalline and crosslinked structure in keratin feather fiber results in a polymer with a relatively high
elastic modulus of approximately 3.4-5 GPa (Fraser et al., 1980).
2.2.3 Denaturation process
Destroying the highly organized tertiary structure of a protein is called denaturation.
Anything that breaks the bonds responsible for maintaining the three-dimensional
shape of the protein will cause the protein to denature (unfold). Because these bonds
are weak, proteins are easily denatured. The totally random conformation of a
denatured protein is called a random coil. The following are some of the ways that
proteins can be denatured:


Changing the pH denatures proteins because it changes the charges on many
of the side chains. This disrupts electrostatic attractions and hydrogen bonds.



Certain reagents such as urea and guanidine hydrochloride denature proteins
by forming hydrogen bonds to the protein groups that are stronger than the
hydrogen bonds formed between the groups.



Detergents such as sodium dodecyl sulfate denature proteins by associating
with the nonpolar groups of the protein, thus interfering with the normal
hydrophobic interactions.
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Organic solvents denature proteins by disrupting hydrophobic interactions.



Proteins can be also denatured by heat or by agitation. Both increase
molecular motion, which can disrupt the attractive forces.

Figure 2.11 : The denaturation pathway of one residue of helical material from the
intermediate filaments
At figure 2.11, Non-helical head and tail domains at the NH2- and COOH- termini
that extend into the matrix through cystine bonds and link with the matrix proteins
flank the helical rod. Together with other linkages, the interface, as the scaffolding
structure at the surface of intermediate filaments, controls and enhances the thermal
properties of keratin filaments.
2.3 Redox Initiated Graft Copolymerization
Graft copolymers are a special type of branched copolymer in which the side chains
are structurally distinct from the main chain. The figure 2.10 depicts a special case
where the main chain and side chains are composed of distinct homopolymers.
However, the individual chains of a graft copolymer may be homopolymers or
copolymers. Note that different copolymer sequencing is sufficient to define a
structural difference, thus an A-B diblock copolymer with A-B alternating copolymer
side chains is properly called a graft copolymer (Figure 2.12).
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Figure 2.12 : Model of a graft copolymer
Graft copolymerization of acrylic monomers onto natural polymers is one of the
most useful paths to modify physicochemical properties on order to add new
properties to final copolymer with minimal. Acrylic monomers are the most grafted
monomers in this kind of research works; being acrylonitrile, acrylic acid, methyl
methacrylate more studied species. Redox initiation is an efficient method frequently
used to obtain graft copolymers. Polymers with -OH groups can react with ceric ion
or an oxidant agent to form polymer radical capable to initiate copolymerization. In a
redox initiation frequently, there is a minimum degree of homopolymerization, due
only polymer radicals can be formed. However, limitation of this method is only
useful with polymers with functional groups; there are reports of polymers with
amides, urethane and nitrile groups by means redox initiation.
Several natural polymers as chitin, cellulose, functionalized cellulose and natural
fibers like wool, cotton, silk are some of most studied natural polymers in graft
copolymerization using redox system as initiator.
Radical initiation reactions can be divided into two general types according to the
manner in which the first radical species is formed; these are: (1) hemolytic
decomposition of covalent bonds by energy absorption and (2) electron transfer from
ions or atoms containing unpaired electrons followed by bond dissociation in the
acceptor molecule.
Most effective method of generating free radicals under mild conditions is by oneelectron transfer reactions, the most effective of which is redox initiation.
Redox polymerization has some advantages such as the almost negligible short
induction period, low activation energy of about 40-80 kJ/mol and ability of
polymerization under milder conditions than thermal polymerization (Yağcı and
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Yıldız 2005). This lowers the possibility of side chain reactions giving high
molecular weight polymers with a high yield.
Persulfates are one group of commonly used oxidants besides peroxides,
permanganates, the salts of transition metals, etc. These oxidants form potential
redox systems with various reducing agents like alcohols, aldehydes, amines, amides,
ketones, acids, thiols etc. for the aqueous polymerization of vinyl monomers. In
redox systems, oxidant forms initially a complex by reacting simply organic
molecules which then decomposes unimolecularly to produce free radicals that
initiate polymerization. Potassium persulfate is an oxidizing agent in analytical
chemistry, used in the measurement of organic phosphorus in wastewaters (Patnaik,
2002). Some important applications are in bleaching fabrics; removal of last traces of
thiosulfate from photographic negatives and paper; oxidizing certain dyes in cotton
printing; and initiating copolymerization reactions. Potassium persulfate is colorless
or as white crystals. It has a density of 2,477 g/cm3. It decomposes at about 100°C.
Potassium persulfate can be prepared by electrolysis of a mixture of potassium
sulfate and potassium hydrogen sulfate at a high current density (2.1).
2KHSO4

K2S2O8 + H2

(2.1)

Ammonium persulfate (NH4)2S2O8 is a strong oxidizing agent. It is very soluble in
cold water, a large fall of temperature accompanying solution. It is a radical initiator.
Ammonium persulfate was prepared by H. Marshall that the method used for the
preparation of potassium persulfate which is the electrolysis of a solution of
ammonium sulfate and sulfuric acid. It appears as white to yellowish crystals.
Ammonium persulfate has a density of 1,98 g/cm3 and a melting point at 120°C.
With persulfate initiator, several monomers (acrylonitrile, methacrylic acid,
methacrylamide, methyl methacrylate, ethyl acrylate, vinylpyrrolidone…) have been
grafted onto wool fibers with the aid of cysteine present in wool (2.2-2.6) (Saraç,
1999).
R-SH
-

RS + S2O82-

RS- + H+

(2.2)

.
.R S + SO 4 + SO42-

or
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(2.3)

RS-SR
RS + S2O82-

.

.

RS + S R

(2.4)
-

-

RSOSO3 + SO4

.

-

SO4 + HOH

(2.5)

-

O H+HSO4

(2.6)

.

.

Initiation of polymerization can result from OH, RS or SO4

.-

depending on the

reaction conditions, radicals and monomer reactivities. The oxyacids of sulfur such
as sulfite, bisulfite, bisulfate, thiosulfate, metabisulfite and dithionate form efficient
redox systems in conjuction with persulfates. The initiation reaction of these systems
may be represented as in (2.7 and 2.8).

..
SO4 + SO42-+ S xOy (n-1)-

S2O82-+ SxOyn-

.

SO4 + HOH

OH+HSO4

-

(2.7)
(2.8)

..
Both SO4 and SxOy(n-1)- can initiate the polymerization. The absence of hydroxyl

end groups in the polymers obtained with this class of redox pairs is probably
because of the fact that the reducing sulfoxy compounds (or radicals derived from
.
them) are good scavengers for OH radicals. Polymerization initiated by the

persulfate thiosulfate redox pair can represented as in (2.9 and 2.10).
S2O82-

..SO4 + SO4

(2.9)

..SO4 + S2O3 + SO42-

S2O82-+ S2O32-

(2.10)

It has been suggested that these radicals react with each other giving anions.
.However, at high concentrations of S2O3 ; polymerization probably initiates with

.

OH according to the following reaction (2.11).

SO4 + HOH

.

OH + HSO4

-

(2.11)
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The

polymerization

of

acrylamide,

acrylonitrile,

methacrylamide,

methylmethacrylate, vinylpyrrolidone… with persulfate (peroxidisulfate) and several
different reducing agents has also been reported.
From kinetic studies with ascorbic acid involving acrylonitrile monomer, the
formation of charge transfer complexes between ascorbic acid and persulfate was
suggested. This produces ascorbate radicals for the initiation of polymerization. SO4

.-

radicals produced via the thermal decomposition of S2O82- is considered to be
responsible for the acrylamide polymerization (2.12-2.15).
S2O82S2O82- + RSH

.SO4 + RSH
.

RS + M

..SO4 + SO4

(2.12)

..
SO4 + RS + HSO4

(2.13)

.
RS + HSO4

(2.14)

.

RSM

(2.15)

Guo et al. (1990), investigated the initiation mechanism persulfate/aliphatic diamine
system. The primary or secondary diamines first formed a contact-charge-transfer
complex when they were contacted with persulfate. Then, an ammonium salt was
formed through electron-donating from the N-atom (2.16).
R

H
N

(NH4)2S2O8 + RNHCH2CH2HNR

CH2

O SO3-

CH2

O SO3N

R
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H

R

H

R

N
H2C

H

O
O

N

S
O2

H2C
+

H2C

O

S O2

SO42-

H2C
N

R

O

N
H

R

H

.

RNHCH2CH2NR + OSO3H

(2.16)

Sun et al. (2003), studied the graft copolymerization of methacrylic acid onto
carboxymethyl chitosan which was initiated with ammonium persulfate in an
aqueous solution. According to their study, they indicated that the copolymerization
was initiated with the redox system combined by ammonium persulfate and NH2
group in carboxymethyl chitosan.
Lv et al. (2009), proposed an initiation mechanism for grafting acrylonitrile onto
chitosan using ammonium persulfate/sodium thiosulfate as redox initiator system.
Free radicals were preferentially generated from this redox initiator system. Then, the
free radicals captured the atom H of -OH and –NH2 on backbone of chitosan to form
the macromolecular radicals of chitosan (2.17-2.22 and 2.23-2.28). And finally graft
reaction was terminated with two macromolecular chain radicals reacting with each
other (2.29 and 2.30). They reported that polyacrylonitrile was one of the most
important fiber-forming polymers because of its excellent physical and chemical
properties and so it has been widely applied in textiles. Acrylonitrile has been the
most frequently used one among the many vinyl monomers grafted, due to its high
grafting efficiency and easy to hydrolyze to introduce varied subsequent derivatives.
It was previously reported that ammonium persulfate or potassium persulfate which
belong to the peroxy initiator system could be used as the initiator alone. But,
according to Lv et al., the initiator of ammonium persulfate and sodium thiosulfate
could consist of the redox system and generate two free radicals thus decrease the
decomposition activation energy with faster polymerization rate.
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Grafting at -OH groups of chitosan
Initiation

..SO4 + S2O3 + SO42-

S2O82-+ S2O32-

.Chitosan-OH + SO4 + 2S2O32M + SO4

.-

(2.17)

.

Chitosan-O + SO42- + S4O62-

.

M + SO42-

(2.18)
(2.19)

Propagation:

.

.

Chitosan-O + M

Chitosan-OM

.

(2.20)

.

Chitosan-OM + M

Chitosan-OMM

.

(2.21)

.

Chitosan-OMM n-1 + M

Chitosan-OM Mn

(2.22)

Grafting at –NH2 groups of chitosan
Initiation

..SO4 + S2O3 + SO42-

S2O82-+ S2O32-

.Chitosan-NH2 + SO4 + 2S2O32M + SO4

.-

(2.23)

.

Chitosan-N H+SO42- + S4O62-

.

M + SO42-

(2.24)
(2.25)

Propagation:

.

Chitosan- N H + M

.

Chitosan-NM + M

.

Chitosan-NM

(2.26)

.

Chitosan-NMM

.

(2.27)

.

Chitosan-nMM n-1 + M

Chitosan-NM Mn

(2.28)

Termination:

.

.

Chitosan-OM n + Chitosan-OM n

Chitosan-OMnMnO-Chitosan
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(2.29)

.

.

Chitosan-NM n + Chitosan-NM n

Chitosan-NMnMnN-Chitosan

(2.30)

Polyacrylonitrile adopts the head-to-tail linkage of its monomer units with nitrile
groups on alternate carbon atoms at very close proximity (Mark et al., 1985). The
polar nature of polyacrylonitrile provides its unique and well-known characteristics
including hardness and rigidity, resistance to most chemicals and solvents, sunlight,
heat and microorganisms, slow burning and charring, reactivity towards nitrile
reagents, compatibility with certain polar substances, ability to orient and low
permeability towards gases. On the other hand, acrylonitrile homopolymer has little
application because of its high melting point, high melt viscosity and poor thermal
stability. The principal uses of acrylonitrile are in acrylic fibers, copolymers with
styrene (SAN), and in combination with butdiene and styrene (ABS). Polymerization
of acrylonitrile can be carried out in bulk, emulsion, suspension, slurry or solution.
Schaller et al. (1980), grafted acrylonitrile onto a soluble wool keratin derivative
with, a redox system of ammonium persulfate/sodium sulfite in aqueous ZnCl2
solution at 10°C.
Wang and Pan (2000), copolymerized styrene with acrylonitrile by emulsifier-free
emulsion polymerization using ammonium persulfate (APS) as the initiator. Then, by
means of chemical metal deposition, P(St-co-AN)Ni composite particles with
magnetic property were prepared.
Polesskaya and Korchagin(1974), copolymerized silk fibroin with acrylonitrile and
methacrylate in the presence of V5+/V4+ redox system in order to resistance towards
UV irradiation, and fungal degreadation. It was found that the grafting rate of fibroin
was slower than grafting rate of keratin.
There has been significant interest to emulsifier-free emulsion polymerization since
Matsumoto and Ochi (1965), first proposed that the monodisperse microspheres
could be prepared by an based on styrene/potassium persulfate/water (St/KPS/H20)
system. Several researchers studied on how an emulsifier-free emulsion system can
gain colloidal stability via the involvement components that act as emulsifiers. It has
been reported that ionizable initiators can behave as emulsifiers in an emulsifier-free
emulsion polymerization by Goodall et al. (1977) and Arai et al. (1979-1980) for
potassium persulfate and by Lui et al. (1981) for azobis(isobutylamidine
hydrochloride). The ionic comonomers introduced for an emulsifier-free emulsion
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polymerization not only can offer higher solid content but also be chemically bonded
on the particle surface whereby stabilizing the polymer latex (Ou et al., 2001). The
nucleation mechanism of the emulsifier-free emulsion polymerization system is
likely to be influenced by the hydrophilicity of the comonomer and its relative
reactivity. A monomer with its high hydrophilicity could make ease of homogeneous
nucleation as it was used in an emulsifier-free emulsion polymerization. Also it was
reported the emulsifier-free emulsion polymerization of vinyl and acrylic monomers
using persulfates as initiators and complex catalyzing systems for their application in
the biomedical field and as magnetic materials, coatings or as adhesives (Sahoo and
Mohapatra, 2003). The emulsions can be stabilized by the polymer capped with
hydrophilic groups produced by using ionizable initiators such as persulfates or by
ionic polymers obtained by adding comonomers with ionic groups such as
carboxylate monomers. The emulsifier-free emulsion polymerization of acrylonitrile
initiated by an acidic peroxo salt, potassium monopersulfate in the presence of
inorganic powders and the effect of a Cu(II)/phenols chelate complex on the KHSO5
initiated vinyl polymerization of AN was also studied.
According to Xu et al. (2003), polyacrylonitrile and acrylonitrile-based copolymers
have been successfully applied as membrane materials in the fields of dialysis,
ultrafiltration, enzyme immobilization, and pervaporation but, their further
applications in aqueous solution and biomedical usage were limited because of their
the relatively poor hydrophilicity and biocompatibility for this type of membrane.
The solution was thought to increase the hydrophilicity of the membrane surface and
improve biocompatibility for the membranes. It was found that copolymerizing
acrylonitrile with vinyl carbohydrates would increase the hydrophilicity and reduce
the fouling of polyacrylonitrile-based membranes. As a result, acrylonitrile was
copolymerized with R-allyl glucoside using K2S2 O8-Na2SO3 as initiator system and
water as reaction medium.
Prochon et al. (2007) reported that XSBR and carboxylated acrylonitrile-butadiene
(XNBR) rubbers were typical examples about preparation of latexes in the absence
of emulsifier and presence of unsaturated carboxylic acid monomers. In such
systems, particle nucléation and oligoradical formation occur simultaneously. The
radicals grow up to a critical chain length and generate precursor particles after
separation from aqueous phase.
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Acrylonitrile-styrene-methylmethacrylate terpolymer was synthesized by bulk and
emulsifier-free emulsion polymerization techniques (Botros and Moustafa, 2002).
Emulsion polymerization was initiated with ammonium persulfate. The resultant
acrylonitrile-styrene-methylmethacrylate emulsion was precipitated with methanol.
The bulk polymerization was initiated with dibenzoyl peroxide. As a result, the
% conversion to AN-S-MMA terpolymer prepared with the emulsifier-free emulsion
ter-polymerization at 50oC, reached a maximum value (80oC) after 200 minutes
while the % conversion to AN-S-MMA terpolymer prepared with the bulk
terpolymerization at 65oC reached 73% after 240 minutes.
2.4 Textile Fibers
2.4.1 Requirements for textile fiber
One individual property can rarely determine the value of a fiber. Rather, a
combination of properties will govern technical and commercial success (Poole et al.,
2009). For conventional textile applications these relate to;


Acceptable tensile strength of around 5 g/denier (574 MPa)



Acceptable elongation at break (above 10%)



Reversible elongation in the range up to 5% strain;



Modulus of elasticity between 30 and 60 g/denier (3443-6887 MPa)
conditioned and not dropping too much in the wet



Moisture absorption of 2-5%



Dyeability, comfort, easy care, and abrasion resistance (though this equally
relates to fabric construction and is not always important)



Resistance to dissolution and strong swelling in water and moderately strong
acids, bases and basic solvents up to temperatures of 100°C



Without a tendency to catch fire or support combustion.

For the fiber to be utilized by industry, the quality and quantity must be consistent
over time. This requires a reliable supply chain to be in place with both the quality
and quantity of raw material to be consistent over time. There must also be sufficient
profit available throughout the production pipeline.
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Fibers are composed of oriented assemblies of linear macromolecules. Properties of
the assembly can be improved through choice of polymer, cross-linking and
crystallinity, and the incorporation of reinforcing fillers or nanoparticles. In general,
a polymer molecular weight of 10000-50000 g/mole will produce good fibers.
Experience from synthetic fibers shows the optimum varies depending on the
polymer. For example, the closely related compounds polyhexamethylene fumaride
and

polyhexamethylene

succinamide

exhibit

good

fibrous

properties

at

12000-25000 g/mole, respectively. For proteins, increasing molecular weight is
thought to increase the area of contact between chains, but going beyond the
optimum molecular weight does little to improve fiber properties. At very high
molecular weight the protein chains can loop back and forth, which limits fiber
strength. Uniformity of chain length is thought to be a potential advantage.
Molecules should be linear and consist of residues without bulky side groups as these
can prevent the close packing of chains and reduce crystallinity. Close packing is
also desirable to give shorter covalent cross-link distance. Amino acids capable of
forming interchain cross-links are desirable. Cysteine residues are particularly useful
as they can spontaneously combine to form cystine through formation of a covalent
disulphide cross-link. Other desirable residues include tyrosine, glutamic and aspartic
acid, arginine, lysine, and serine. Cross-linking and crystallinity affect the protein
fiber’s tensile strength and other properties. Their degree and character are greatly
affected by the amino acid composition of the protein and the processing conditions.
Before fiber spinning, the dissolved protein chains must be put into an extended,
unraveled form (noncovalent interchain bonds disrupted). The spun fiber is drawn
(elongated) to maximize chain alignment, give close packing of chains and to allow
regions of crystallinity to develop. Elongation occurs above the glass transition
temperature (Tg) as below this temperature mobility is suppressed. The chain
alignment leads to considerable increases in mechanical strength. Spontaneous
interchain cross-linking can occur between neighboring chains via suitable residues,
particularly cysteine. Additional covalent links can be formed between a range of
amino acid residues using chemical cross-linking agents. Metal catalyzed photo
cross-linking forms interchain dityrosine residues. Trans-glutaminase is capable of
cross-linking wool fibers and is used in commercial wool finishing; it forms links
between lysine and glutamine residues. Glutaraldehyde is used in food applications
and forms covalent links between lysine and tyrosine residues. An important factor is
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the distance that cross-linking agents are able to bridge, and chains must be packed
tightly enough that at least two reactive sites are available at the required distance for
cross-link formation. Cross-linking is also limited by the location of suitable amino
acid residues along the chain.
2.4.2 Electrospinning
Electrospinning uses an electrical charge to draw very fine (typically on the micro or
nano scale) fibres from a liquid. Electrospinning shares characteristics of both
electrospraying and conventional solution dry spinning of fibers (Tucker N. et al.,
2012). The process does not require the use of coagulation chemistry or high
temperatures to produce solid threads from solution. This makes the process
particularly suited to the production of fibers using large and complex molecules.
Electrospinning from molten precursors is also practised; this method ensures that no
solvent can be carried over into the final product.
Electrospun polymer fibers span more than four orders of magnitude of diameter,
with nanofibers that have cross-sections containing fewer than 10 elongated polymer
molecules at one end of the range, and conventional textile fibers at the other.
Polymer nanofiber technology continues to evolve rapidly as the usefulness of
nanofibers becomes apparent to a growing number of scientists, engineers, and
businesses. Concepts that are presently used in electrospinning are described, along
with the electrified fluid jets and the fibers that are produced (Reneker et al., 2004)
Electrospinning depends on the complex interplay of surfaces, shapes, rheology, and
electrical charge. These phenomena interact in different ways to create electrified jets
of polymer solutions and molten polymers. The charges are usually carried by ions,
which may move through the fluid faster, commensurate with, or slower than the
shape of the fluid changes. For a fixed quantity of fluid, the Coulomb repulsion
between the charged ions favors the creation of shapes such as a jet, while the
surface tension of the fluid favors sphere-like shapes with smaller surface area per
unit mass. When the electrical potential of the surface is increased to a sufficiently
high value, the electrical forces act in opposition to, and dominate the surface tension
of the fluid. A charged jet of fluid is then ejected (Reneker DH et al., 2005).
The dynamic effects of the surface tension of the fluid and of the distribution of the
charge on the surface are described by similar partial differential equations. When

27

the shape changes are relatively slow and the charge redistribution over the surface
of the fluid body is relatively fast, simultaneous analytic solutions for these partial
differential equations often exist. Numerical solutions may be calculated for
specified boundary conditions in cases where analytic solutions are not available.
The model which underlie this paper, along with references to the other theoretical
papers, are presented in a comprehensive review (Reneker DH et al., 2007)
The phenomena described in this paper are general. Many of the examples utilize
polymeric fluids that resemble solutions of polyethylene oxide in water. Typically,
molecular weights are in the range from 100,000 to several million, concentrations
are from around 5% to 15%, and zero-shear viscosities are similar to that of honey,
which is about 3 N s/m2, sometimes written in Pascal seconds.
The electrical charge that is important in electrospinning is excess or uncompensated
charge, usually in the form of positive or negative ions. Although all ionic solutions
contain charged molecules or ions, the solution is electrically neutral because the
number of positive and negative ions is exactly equal. The essential excess ions are
usually created near the interface between a metallic conductor and the molecules in
the solution. Electrons moving into the solution from the metal create excess
negative ions in the solution. Electrons moving from the solution into the metal leave
excess positive ions in the solution. Once created, the ions move by diffusive and
convective processes (Hille B et al., 2001) charged excess ions and to maintain the
same electrical potential everywhere on the surface of the fluid body.
The convenience of making fibers by electrospinning many kinds of polymers, on a
laboratory bench, with inexpensive machinery makes nanofibers of many polymers
available for a wide variety of possible applications. Dramatic improvements in
filtration technology, based on the use of nanofibers, have occurred. Nanofibers with
small diameters have a large surface area per unit mass. Many molecules, particles,
and biological structures can be sequestered and protected inside nanofibers, while
remaining accessible for use when needed. Nanofibers can be used as convenient
packages and supports for reagents and catalysts. Novel fabrics and structures can be
made (Sun Z. et al., 2003)
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Figure 2.13 : The prototypical instantaneous position of the path of an
electrospinning jet
A diagram (Figure 2.13) that shows the prototypical instantaneous position of the
path of an electrospinning jet that contained three successive electrical bending
instabilities. The straight segment transformed into a three-dimensional coil. The jet
path continued and transformed to a smaller three-dimensional coil, with an axis that
followed the curved path extrapolated from the first coil. The second spiral
eventually transformed to an even smaller spiral and so forth until the jet solidified,
by evaporation of the solvent. At least four successive bending instabilities were
observed in some experiments (Reneker DH et al., 2000). After the onset of the
electrically driven bending instability in electrospinning, every segment of the
resulting coil moved outward and downward in a complicated, but not random way.
Reprinted with permission from Reneker and Fong (Reneker DH et al., 2005)
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3. EXPERIMENTAL PART
3.1 Chemicals
Acetone

: Technical, distilled before using

Acrylonitrile

: Fluka, stored at -10oC

Ammonium persulfite

: Merck, dried in drying oven

Chicken Feather

: Erpiliç Poultry Factory

DMF

:Sigma Aldrich

DMSO

:Sigma Aldrich

Hydrochloric acid

: Merck, diluted before using

Sodium hydroxide

: Merck

Sodium metabisulfite

: Technical

Sodium sulfide

: Merck

Vinylpyrrolidione

: Merck, distilled under vacuum condition before using
and stored at -10oC

3.2 Instruments
DSC

: DSC1 Stare system Mettler Toledo

Electrospinning

: Hand-made electrospinnings

Freeze Drier

: Alpha 1-4 LD plus freeze drier was used to dry keratin

FT-IR

: Infrared spectra were recorded on disks of %1 w/w
samples/KBr mixtures and ATR head by Perkin Elmer
spectrum one.

GPC

:Viscotek GPCmax VE 2001 solvent/sample module.
Viscotek D-Columns

1

: 1H-NMR spectra were recorded with Bruker 250 MHz
NMR Spectrometer and performed in DMSO-d6 medium.

H-NMR

Magnetic stirrer

: AGE 10.0164, VELP Scientifica srl.

31

Mechanical stirrer

: Heildolph RZR1 TypeAC 220V, 50Hz.

SEM

: The morphology of the fractured surfaces of the films was
investigated with a SUPRA GEMINI 35 VP scanning
electron microscope. Samples were coated with carbon.

TGA

: TGA/ DSC1 Stare system Mettler Toledo

Vacuum System

: Shel-Lab vacuum drying oven was used for vacuum drying

Viscometer

: The flow behaviour of dispersions was determined with
Brookfield CAP 2000+ Viscometer. CAP Spindle: CAP-S01

3.3 Formation of Keratin from Chicken Feather
3.3.1 Dewaxing of keratin
Soxhlet extraction system used in order to eliminate lipid and residual compounds
that found into chicken feather. Organic solvents that are dichloromethane and
toluene used to make extraction. Time of the extraction process was 6 hours. After
extraction process, chicken feathers dried at vacuum drying oven. Dried chicken
feathers cut into small pieces by using blender.
3.3.2 Solubilisation of keratin
After dewaxing procedure, chicken feathers (11 g) were mixed with 100 ml water,
1,5-3,0 N NaOH and 0,0-0,2 N Na2S. The reaction was conducted in a water bath
under dynamic conditions at 25-40oC for 2,5-3,5 hours. With the help of magnetic
stirrer, all compounds are mixed and all solid materials dissolved under the basic
condition. After all process, the pH of keratin solution was adjusted to 4,2 by using
diluted HCl in order to precipitate keratin. Then, centrifugation and/or vacuum
filtration process applied on products in order to separate solid part from liquid part.
Solid parts of the product were washed by acetone at three or more times. The
cleaned keratin was freezed and dried by lyophilizator. In order to understand the
yield of product, dried substance was weighed. Then, the products grounded with
mortar pestle and sited with stainless steel mesh that pore size is 30 µm in order to
acquire perfect powder keratin.
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3.4 Synthesis of K(PAN-co-PVP)
A system prepared that include three necked round bottom flask, oil batch, and
nitrogen balloon. Three necked round bottom flask put into oil batch and magnetic
stirrer set into three-necked flask. After preparation of system, 0,25 g keratin, 50 ml
H2O and 1 g (5,3 mmole) SMBS filled into three necked flask. All substance mixed
with magnetic stirrer at constant speed and bubling of a slow stream of nitrogen gas
for about 15 minutes at 35-45oC. Then, 6-8 ml (0,092-0,122 mole) AN and 4-7 ml
(0,04-0,07 mole) VP monomers were added and stirred for 15 minutes again under
nitrogen athmosphere. 1,4-2,0 g (6,14-8,77 mmole) APS disolved in 5 ml deionized
water and slowly dropped into the flask to initiate the graft copolymerization. 3 hours
later, reaction was stopped and product was filtered and washed with acetone and
dried.
3.5 Electrospinning of K(PAN-co-PVP) to produce fibers
15 % w/w polymer was prepared by 20/80 % w/w DMF/DMSO solvent mixture.
1,82 g polymer, 2,063 g DMF and 8,25 g DMSO used. Solution were electrospun
with 3ml/h flow rate and under 30 kV. The distance between needle and the plate
was 15 cm. 1 needle used for spinning.
3.6 Formation of Film
Films were prepared by solution casting method. 0,7 g polymer was dissolved in
10 ml DMSO and then half of the solvent was evaporated at 100oC under fume hood.
After formation of film, they were cutted to 4x5x0,1 cm.
3.7 GPC analysis to determine molecular weight
2 mg/ml polymer was prepared by DMF and lithium bromide mixture which include
2,5 litre and 2 gram respectively. 2 g LiBr put into 2,5 lt DMF solvent and mixed
with magnetic stirer during a day. Then, 2 mg polymers solved into 1 ml solution add
into vials by using filter (0,45 mm). Then, all polymers injected into GPC column
automatically.
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4. RESULT AND DISCUSSIONS
After polymerization process, there are a variety of analysing and test procedure in
order to understand and evaluate the polymer that are produced. These are;


Extraction and solubilisation of keratin from chicken feather and spectral
analysis of soluble keratin,



Synthesis of K(PAN-co-PVP) by redox polymerization at emulsion
polymerization reactions and characterization of them in terms of
chromatographic, thermal, rhelogical, mechanical and morphological.
Molecular weight analysis and electrospinning of K(PAN-co-PVP) to
produce Fibers

4.1 Extraction of Keratin from Chicken Feather
By using reflux method, lipid compounds that found into chicken feathers eliminated
by help of organic solvents that are dichloromethane and toluene. After extraction
process, chicken feathers dried and cut into small pieces.
The feathers dissolved in aqeous solutions that include NaOH and Na2S at different
concentration level in order to break “Disulfide Bridge” that confer additional
strength and rigidity. After disulfide bond breking, keratin was precipitated with
diluted HCl (4.1).

(4.1)
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It is inevitable fact that the yield of keratin is depend on condition and concentration
of reaction inputs. These are the amounts of NaOH, HCl, Na2S, and the
measurements of time, temperature (Table 4.1).
Table 4.1 : Reaction conditions of keratin from chicken feather
Exp.
Code
IK1
IK2
IK3
IK4
IK5
IK6
IK7
IK8
IK9*
IK10*
IK11
IK12

NaOH
Na2S
(mole/L) (mole/L)
3,0
1,5
1,5
1,5
1,5
1,5
3,0
3,0
3,0
3,0
3,0
3,0

0,15
0,10
0,15
0,10
0,15
0,05
0,10
0,10
0,15
0,00
0,20
0,15

NaOH/
NaOH/
Time Temp. Yield
keratin
Na2S
(hours) (oC)
(%)
(mmole/g) (mmole/g)
60,0
50
3,5
40
60
13,6
67
3,5
40
51
13,6
100
3,5
40
53
13,6
67
3,5
25
63
13,6
100
3,5
25
80
13,6
33
3,5
40
19
27,3
33
3,5
40
41
27,3
33
3,5
25
72
27,3
50
3,5
25
29
27,3
0
3,5
25
15
27,3
67
3,5
25
90
27,3
33
2,5
25
85

* Mixture was waited 24 hours under basic condition after 3,5h mixing procedure.

It was easy seen that there are many data that influence reaction yield (Table 4.1).
Generally, conditions of time and temperature stayed on two different values in order
to understant effectiveness of concentration of reaction inputs.
Decreasing disolving time of the reaction from 3,5 h to 2,5 h, increase yield of the
reaction (IK8 and IK12). It increased from 72% to 85%. There is a siginificant point
that dewaxed chicken feather should shred effectively and it converted into small
pieces before dissolving procedure because especially hard parts of keratin like
rachis cannot be dissolve perfectly at room temperature and 2,5 hour.
Thus, 2,5 hours is an optimum time to get high yield products for barbs and barbules
parts, and it is an important that all parts of chicken feather cut into small pieces with
the help of mechanical shredders in order to solve all parts of chicken feather
efficiently.
Another significant datum is temperature. It is an inevitable fact that temperature
affects the dissolving degree of keratin. In our dissolving procedure, we used two
different temperatures that are 25oC and 40oC. There is inverse relation between
temperature and yield. When the temperature of reaction decrease from 40oC to
25oC, yield of dissolving procedure of chicken feather increase from 40-50% to
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80-90 %. When we compare IK7 and IK8, yield of product increase from 41% to
72% due to decreasing of temperature from 40oC to 25oC. In addition to that, yield of
product increase from 53% to 80% because of the same reason at IK3 and IK5.
At dissolving procedure of IK9 and IK10, after 3,5h stirrer procedure, mixture was
waited at basic medium at 24 hours before the adjustment of pH by using HCL.
Waiting period of solubilisation procedure decrease the yield of product sharply.
Because of the fact that keratin disintegrated much more under basic condition, so
molecular weight of keratin decrease and it did not precipitate with the help of acid.
Therefore, it is a crucial points that solubilisation should adjuct immediately by acid
in order get high yield.
Disolving action of Na2S reported previously (Goddard et al. 1934). Thus, it used as
a reductant at alkaline medium and it is easy seen that when Na2S increased, yield of
keratin also increased (IK2 and IK3). Yield of the reaction increase from 51% to
53% at IK2 and IK3 because of Na2S.
It is an inevitable fact that, Na2S and NaOH have an important factor on reaction.
Yield of reaction increase from 63% to 90% thanks to two fold increasing amount of
Na2S and NaOH at IK4 and IK11.
The highest yield of extraction procedure of keratin was found 90% at IK11.
Optimum extraction conditions are 11 g keratin, 100 ml water, 3,0 NaOH mole/L,
0,20 Na2S mole/L that shown at table 4.1
4.1.1 Spectral analysis of keratin
Structure of keratin is a type of natural polymer and it has so complicated structure.
Therefore, Fourier transform of infrared (FTIR) and Hydrogen nuclear magnetic
resonance (H-NMR) used to understand all details of structure of keratin. The
charecteristic bands and signals from these spectra were analysed in order to
comfirm the products as keratin.
Keratin proteins give rise to several characteristic absorption bands known as amide
A, amide B, amide I, amide II and amide III. Amide A and amide B bands are
connected with the frequency of stretching vibrations of located N-H bonds.
According to the FTIR spectrum of keratin, amide A absorption band was seen at
3287 cm-1 and amide B was seen at 3072 cm-1 (Aluigi et al., 2008; Wojciechowska et
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al., 2004). In our data (Figure 4.1), amide A absorption band was seen 3296 cm-1 and
3287 cm-1 at IK3 and IK7 respectively. In addition, amide B was seen 3083 cm-1 and
3074 at IK3 and IK7 respectively.
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Figure 4.1 : FTIR spectra of IK3 and IK7
The amide I mode is the peptide carbonyl stretching vibration of the CONH unit.
According to literature, β-sheets have a strong absorption band at 1610-1640 cm-1
and a weaker band at 1680-1690 cm-1. The α-helix and random coil structure are
located at 1640-1650 cm-1 and 1650-1660 cm-1, respectively (Akhtar et al., 1997;
Zoccola et al., 2008b; DeFlores et al., 2009; Wojciechowska et al., 2004; Tonin et
al., 2004). In the FTIR spectrum of keratin that shown at Figure 4.1, amide I
absorption band was observed at 1637cm-1and 1658cm-1 indicating the α-structure of
keratin.
The amide II mode is N-H in plane bending plus C-N stretching vibrations with a
contribution from C-C streching (Akhtar et al., 1997). Amide II around 1547 cm-1
suggests the presence of α-helix structure in the keratin chain, whereas the amide II
around 1515 cm-1 indicates the presence of β-sheet type keratin (Wojciechowska
et al., 2004). As a result, the amide II mode of keratin was attributed to the vibration
at 1536cm-1 and 1532cm-1 which indicated the α-helix structure (Figure 4.1). The
band at 1410 cm-1 was attributed to the bending vibration of C-H groups.
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The amide III mode is the in-plane combination of N-H in-plane bending and C-N
stretching, with contributions from the C-C stretch and C-O in-plane bend. The NH
in-plane bending mode is a significant component of a number of modes in the 14001200 cm-1 region. The vibration at around 1231cm-1 and 1229cm-1 was therefore
attributed to amide III absorption band of keratin (Figure 4.1).
In particular, the band at 1050 cm-1 arose from the -(gly gly)- sequence, while those
at 1013 and 929 cm-1 were attributed to the -(gly ala)- periodic sequence (Zoccola
et al., 2008).
The disulfide linkages undoubtedly provide the stability of the keratins. In proteins,
the disulphide bond is part of a cystine residue and can be considered as two cysteine
residues fused together through the oxidation of two sulphydryl groups (Akhtar et al,
1997). Spectral features below 750 cm-1 were dominated by the structurally
important C-S and S-S bonds although they were rather weak. The bands at 706 cm-1
and 648 cm-1 were assigned to the stretching vibrations of C-S bonds present in the
gauche conformation. In previous studies, similar assignments were made for
tyrosine (644 cm-1) and phenylalanine (624 cm-1) aromatic side chains. The weaker
bands at 521 cm-1 and 555 cm-1 were assigned to the S-S strecthing mode. The bands
between 400 cm-1 and 500 cm-1 indicated C-S bending vibration (Mishra et al.,
2009).
It was seen that according to the NaOH amount used, intensities of amide I and
amide II vibrations differed. In Figure 4.1, IK3 was obtained using 1,5 N NaOH
solution while IK7 was obtained using 3,0 N NaOH solution. It could be seen from
the FTIR spectrum of IK3 that the intensity of amide I region was more than amide II
region. On the other hand, in the FTIR spectrum of IK7, the intensity of amide II
region was denser than the amide I region (Figure 4.1).
Keratin structure was also supported by 1H-NMR spectrum because it has various
different types of hydrogens on the amino acid chain. In 1H-NMR, different protons
resonate (Table 4.2) at different frequencies depending on the neighbouring atoms.
These spesific chemical shifts can be used to obtain important structural information
about molecules.
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Table 4.2 : Chemical shifts of amino acids into keratin at 1H-NMR spectrum.
(Ma et al., 2002; URL-1; Kaloglu O. et al., 2010)
Amino
Acid
L-Aspartic acid
L-Glutamic acid
L-Argine
L-Proline
L-Threonine
L-Valine
L-Cystein
L-Alanine
L-Leucine
L-Isoleucine
L-Phenylalanine
L-Glycine
L-Serine
L-Thyrosine

Hα
(ppm)
4,6
4,5
4,4
4,5
4,5
4,4
4,5
4,4
4,4
4,3
4,5
3,8-4,2
4,5
4,5

Hβ
(ppm)
2,3-2,5
2,1-2,2
1,6-1,7
2,0-2,2
4,4
2,0
3,1-3,3
1,4
1,6-1,7
1,0
2,8-3,0
3,6-3,7
2,8-3,0

Hγ
(ppm)
2,2-2,3
1,4-1,5
2,0-2,1
1,2
0,9-1,0
1,6
1,1-1,2
-

Hδ
(ppm)
1,6-1,7
3,6-3,7
0,9-1,0
1,0
-

Other
(ppm)
SH:1,76
CH3:0,9
ArH:6,5-7,6
ArH:6,5-7,7

The signal at 1,23 ppm should belong to Hγ of L-isoleucine or L-threonine. Also, Hβ
and Hδ of L-arginine have signals around 1,6 ppm. The -SH hydrogen has a signal at
1,78 ppm. The signal at 2,08 ppm might belong to Hβ and Hγ of L-proline; Hβ of Lglutamic acid. The small signal around 2,0 ppm can be Hβ of L-valine. The small
signals around 2,8 ppm might be attributed to Hβ of L-phenylalanine and L-tyrosine
while the signal at 7,2 ppm showed aromatic hydrogens of them. The broad signal at
7,94 ppm showed the N-H protons of proteins. The signals of L-serine and Lthreonine that should be seen between 3-4 ppm could not be clarified due to the
strong solvent signal at 3,93 ppm (Figure 4.2).
As a result, keratin was obtained by removing the lipid compounds with an organic
solvent and solubilising at various conditions mainly using NaOH and/or Na2S. The
optimum condition for extracting keratin was found adding Na2S with NaOH which
was thought to act as an emulsifier. The resultant keratin was confirmed by FTIR and
1

HNMR spectral analysis.
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1.22
1.00
0.81

1.79

2.08

2.89
2.73

3.93

6.61

7.23

7.52

7.94

Figure 4.2 : 1H-NMR spectrum of IK7
After all spectral analysis (FTIR and 1H-NMR), it was understand that all compounds
which achived by extraction procedures were keratin. Therefore, all keratin mixed
together and grounded with mortar pestle and sited with stainless steel mesh that pore
size is 30 µm in order to acquire perfect powder keratin.
4.2 Synthesis of K(PAN-co-PVP) by Redox Polymerization
Graft copolymerization of acrylic monomers onto natural polymers is one of the
most useful paths to modify physicochemical properties on order to add new
properties to final copolymer with minimal. Acrylic monomers are the most grafted
monomers in this kind of research works; being acrylonitrile, acrylic acid, methyl
methacrylate more studied species. Redox initiation is an efficient method frequently
used to obtain graft copolymers (Rivera-Armenta et al. 2012; Lv et. al., 2009).
According to Kaloglu et al. 2010, keratin and acrylonitrile grafted by redox
polymerization reaction AN and keratin forms hards segments and so, it is difficult
to form film because of the property of AN and keratin. Films prepared tended to
curl and break while drying.
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Vinylpyrrolidone is a type of soft segment to make useful, flexible, and resilient film.
Vinylpyrrolidone (VP) monomer is attracting much attention in various ﬁelds due to
its good biocompatibility, low toxicity, good ﬁlm forming, and adhesive
characteristics. VP monomer contains a highly polar amide group, which conﬁrms its
hydrophilic and polar properties, while the methylene and methane groups in the
main and side chain conﬁrm its hydrophobic property, which helps in the preparation
of surface active polymers.
Acrylonitrile (AN) and vinylpyrrolidone (VP) was expected to graft on keratin
backbone. Active hydrogen bond of functional groups of keratin that are –NH, -OH,
-SH acted as reducing agents in the presence of redox initiator with respect to
previous study. Reaction mechanism was given at (4.2).
S2O82- + S2O52-

Keratin

XH + SO4

SO4

.-

+ 2S2O5

.-

.

-

Keratin

X

+ SO42- + S 2O5

.-

.

+ SO42- + S4O102-

X: O, N, S
Keratin

.

X

(4.2)
The polymerization conditions of K(PAN-co-PVP) were shown in table 4.3. At graft
polymerization reaction, 0,25g keratin (K) and 50ml water was used. It is easy shown
that there is a sharp difference between the yields of the first seven experiments and
the rest. The reason for this difference was because of wrong setting reaction
procedure and non-distilled vinylpyrrolidone. At first seven procedures, we used
vinylpyrrolidone that was interacted with air and its color turns to light yellow.
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Therefore, when we add vinylpyrrolidone into reaction flask, it did not react with
keratin effectivelly. Thus, we generally take care of between IP8 to IP16 (Table 4.3).
The influence of temperature on the graft polymerization was studied by changing
the reaction temperature to 45°C and 35°C. The efficiency of the reaction was about
12% higher at 45°C than at 35°C (KP8 and KP9). This behaviour can be explained as
with increasing temperature, the initiating activity increased so that the activitiy of
graft polymerization increased. Because of the importance of energy efficiency, all
polymerization reaction except (IP8) made at 35±oC temperature (Table 4.3).
Table 4.3 : Polymerization condition of K(PAN-co-PVP)
No

AN
(mol)
0,122
0,122
0,122
0,122
0,107
0,107
0,107
0,122
0,122

IP8
IP9
IP10
IP11
IP12
IP13
IP14
IP15
IP16

VP
(mol)
0,05
0,05
0,05
0,04
0,05
0,06
0,07
0,03
0,02

APS
(mmol)
8,77
8,77
6,14
6,14
6,14
6,14
6,14
6,14
6,14

SMBS Temp. Yield Yield
(mmol) (±2oC) (g)
(%)
5,3
45
6,29 52,7
5,3
35
4,93 41,3
5,3
35
5,6
46,9
5,3
35
5,84 53,6
5,3
35
4,05 36,4
5,3
35
5,06 41,6
5,3
35
5,89 44,6
5,3
35
5,22 52,9
5,3
35
5,56 63,1

At IP9 and IP10, amount of the APS was decreased from 8,77mmole to 6,14mmole,
yield of the reaction increase 41,3% to 46,9%. Therefore, optimum amount of APS
were identified as 6,14mmole (Table 4.3) .
Table 4.4 : FTIR vibrations of keratin and K(PAN-co-PVP) (cm-1)
Exp.

N-H

Code

st

IK7

32873072

C

N
st

C-H
st

C=O

N-H

st

b

C-H
b

C-N

C-O

C-S

st

st

st

1051-

2965

1642

1577

1411

1242

1013-

648

929

IP12

3282

2243

IP13

3291

2245

29332857
29252854

1652

1535

1649

1537

st: Streching, b: Bending
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14541365
14531364

1196

1201

11101047
11131046

618

619

Grafting of acrylonitrile and vinylpyrrolidone on keratin backbone was confirmed by
FTIR spectrum. Main characteristic stretching and bending vibrations of K(PAN-coPVP) copolymers were given in Table 4.4.
In the FTIR spectrum of K(PAN-co-PVP), the band at 3282 cm-1 indicated the N-H
stretching vibration of keratin backbone (Figure 4.3, IP12). At 2933 cm-1, C-H
stretching vibration was seen. The nitrile band at 2243 cm-1 proved that
copolymerization occured. The increase in the vibration of various C-H stretching
bands at 2933 cm-1 showed that there was an increase at the amount of C-H groups.
The carbonyl stretching vibration was seen at 1652 cm-1. The band at 1535 cm-1
indicated N-H bending vibration of keratin. The bands 1454 cm-1 and 1365 cm-1
were attributed to various C-H bending vibrations. C-N stretching vibration was seen
at 1196 cm-1. The bands at 1110 cm-1 and 1047 cm-1 showed various C-O stretching
vibrations.
It was observed that some structural changes occured in K(PAN-co-PVP) samples
after a period. An example for this situation was given in Figure 4.3. The copolymers
absorbed water and formed hydrogen bonding, as a result a broad O-H vibration
occured at around 3411 cm-1 (IP12). Because of hydrogen bonding, there was a shift
to 1193 cm-1 at C-N stretching vibration coupled to the in-plane N-H bending mode
(Zhou et al., 2008). The carbonyl vibrations at around 1707-1723 cm-1 showed that
oxidation occured in samples. Polymerization time for IP12 was the longest, 6 hours,
with strong polymerization conditions such as high concentration of initiator pair, so
the maximum oxidation was observed in IP12.
The ratio of (acrylonitrile+vinylpyrrolidone)/keratin in copolymers was studied from
FTIR spectra. The height of a band that belongs to acrylonitrile (-CN), to
vinylpyrrolidone (-C=O) and to keratin (-CS) were estimated to the height of a fixed
common band (-CH).
The intensity of N-H vibration decreased in the FTIR spectra of copolymers
compared to keratin so it could be said that polymerization started on N-H proton
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IP13
IP12

Figure 4.3 : FTIR spectra of IP12 and IP13
K(PAN-co-PVP) copolymers were also characterized by 1H-NMR spectrum (Figure
4.4). The signals of polymers were also compared with the signals of keratin in order
to observe which groups were changed.
In the 1H-NMR spectra of copolymers, the signal which appeared at 1,78 ppm in the
1

H-NMR spectrum of keratin was not seen (Figure 4.4). This signal was previously

attributed to -SH proton of keratin. As a result, it was thought that the polymerization
could have started on -SH proton. The signal at 7,94 ppm which showed -NH proton
in the keratin structure also disappeared in the 1H-NMR spectra of copolymers. This
result showed that polymerization occured also on the -NH proton. Signal which
showed peak maximum around 3,1 ppm was the resonance of methine protons
(-CHCN) of acylonitrile unit while the signal with a peak maximum around 2,05
ppm showed the methylene protons (-CH2CHCN) of acrylonitrile unit (Simons and
Zagner, 1973). The signals at 6,9-7,3 ppm showed aromatic C-H protons of
L-phenyalanine while the signals at 0,82, 1,23, 2,68, 2,79 and 2,89 ppm indiated
various C-H protons of different amino acids in keratin.
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Figure 4.4 : 1H-NMR spectra of IP13
As a result of 1H-NMR and FTIR analysis, it could be definitely said that
polymerization started on -SH snd -NH protons of keratin as shown in the following
reaction.
Keratin

NH2 + SO4

Keratin

SH + SO4

.-

.-

+ 2S2O5

+ 2S2O5

.-

Keratin

.-

Keratin

.

NH

.

S

+ SO42- + S4O102-

+ SO42- + S4O102-

In most of the 1H-NMR spectra, there are two peaks at the signal at 2,04 ppm. The
second peak corresponding to 2,08 ppm was attributed to C-H proton of –CH2groups on keratin that shown at figure 4.6.
To sum up, acrylonitrile and vinylpyrrolidone grafted on keratin at various
conditions. It was observed that polymerization depended on keratin amount,
monomers (AN, VP) concentration, temperature, reaction time, APS and SBMS
concentration. The best condition found at IP16 polymerization that has 0,25g
keratin, 50ml water, 0,122mmole AN, 0,02mmole VP, 6,14mmole APS, 5,3mmole
SMBS and 35oC temperature.
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4.2.1 Characterization of keratin and k(pan-co-pvp) in terms of thermal,
rhelogical
4.2.1.1 Thermal analysis of keratin and graft copolymer
There are two type thermal analyses methods used onto keratin and K(PAN-co-PVP)
to understand thermal properties of the polymers. These are thermogravimetric
analysis and Differential scanning calorimetry analysis.
Thermogravimetric analysis or thermal gravimetric analysis (TGA) is a method of
thermal analysis in which changes in physical and chemical properties of materials
are measured as a function of increasing temperature with constant heating rate, or as
a function of time with constant temperature and/or constant mass loss (Coats, A. et.
al., 1963).

Keratin and Keratin-graft-Polyacrylonitrile-co-Polyvinylpyrrolidone

heated up from 25oC to 700oC under N2 atmosphere with a heating rate 10oC/min.
Table 4.5 : TGA results of keratin and K(PAN-co-PVP)
Experimental
Code
K
IP8
IP9
IP11
IP13
IP14
IP15

Dc
(oC)
38-104
121-142
124-151
112-135
111-135
114-138
118-146

Py
(oC)
206-432
357-438
385-450
365-450
367-443
361-440
380-448

W200
(%)
95,38
96,04
94,61
93,42
87,90
93,98
88,15

W450
(%)
44,86
39,06
39,95
32,85
35,06
32,28
33,66

Dc= Decomposition of unsaturated end groups
Py= Pyrolysis of C-C and C-H bonds
W200= weight percentage of of residue at 200oC
W450= weight percentage of of residue at 450oC
K= Keratin
IP= Keratin-graft-polyacrylonitrile-co-polyvinylpyrrolidone

In table 4.5, the TGA result calculated from the derivatives of thermograms were
given. It is easily seen that decomposition of unsaturated end groups and pyrolysis of
C-C and C-H bonds increased in copolymers in comparison to keratin. Keratin
decomposition was started at 38oC, but copolymers were started between 111oC to
124oC, which related to amount of acrylonitrile and vinylpyrrolidone.
Thermal decomposition of keratin and K(PAN-co-PVP) composites consists of two
steps: first, from 38 to 172oC, the head-to-head bonds and the unsaturated end groups
in polymeric chain incorporated during the starting and finishing reactions are
decomposed. Through this range the weight loss is minimum, between 4% and 12%
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of the total weight in the sample, thus it is possible to consider that there are few
chains with these weak bonds. The second step begins at 206oC and ends at 450oC.
This process is determined by the pyrolysis of C–C and C–H bonds, which in this
case consists in the polyacrylonitrile and polyvinylpyrrolidone depolymerization
initiated in the labile thermal groups. These are the unsaturated end groups formed
during the last polymerization reaction by disproportionation or in the head–head
linkages originated in the growth radical recombination (Martinez-Hernandez et. al.,
2007).

Keratin
IP9

IP14

Figure 4.5 : TGA thermograms of keratin and K(PAN-co-PVP)
The decomposition of copolymers moved to higher temperatures than keratin
indicating the improvement in thermal stability that proven at figure 4.5.
Differential scanning calorimetry or DSC is a thermoanalytical technique in which
the difference in the amount of heat required to increase the temperature of a sample
and reference is measured as a function of temperature. Both the sample and
reference are maintained at nearly the same temperature throughout the experiment.
Generally, the temperature program for a DSC analysis is designed such that the
sample holder temperature increases linearly as a function of time. The reference
sample should have a well-defined heat capacity over the range of temperatures to be
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scanned (Wunderlich, B. et. al., 1990). Measurement was performed as first heating,
cooling and second heatin under N2 atmosphere. For keratin and K(PAN-co-PVP),
the first heating was applied from 25oC to 200oC in order to get rid of moisture and
some impurities of onto the samples. At 200oC, samples were cooled back to 25oC
and then, heated up to 600oC again. The ramping rate was 10oC/min.
Table 4.6 : DSC results for keratin and K(PAN-co-PVP)
Experimental
Code
Keratin
IP9
IP12
IP13
IP14
IP16

Tg
(oC)
196
157
166
168
163
131

Tc
(oC)
332
271
292
281
283
265

Tm
(oC)
471
389
409
403
398
399

It is obviously facts that graft copolymerization onto keratin decrease the thermal
resistance that shown in table 4.6. Glass temperature of the keratin is 196oC but
copolymers of keratin are between 131-168oC. In addition to that crystallinity
temperature and melting point of keratin is 332oC and 471oC respectively. However,
crystallization temperature and melting point of graft copolymers are 265-292oC and
389-409oC

(table

4.6).

As

a

result,

amount

of

polyacrylonitrile

and

polyvinylpyrrolidione, reaction temperature and other polymerization conditions
affect thermal resistance of polymer.

KERATIN 8

IP16

Figure 4.6 : DSC thermograms of keratin and K(PAN-co-PVP)
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4.2.1.2 Rhelogical analysis of keratin and graft copolymer
Rheology can be defined as the study of deformations and flow of matter (Malkin
and Isayev, 2006). It studies materials having properties described by any
relationship between force and deformation. There are two types of fluids which are
Newtonian and Non-Newtonian. Newtonian fluids are ideal liquids, which means as
the shear rate changes the viscosity remains constant (URL-2). Non-Newtonian
fluids are affected by shear and are divided into two such as power law fluids and
time dependent fluids. There are two types of power law fluids which are
pseudoplastic fluids and dilatant fluids. Rheopectic or thixotropic fluids are two
types of time dependent fluids. In pseudoplastic fluids, as shear increases, viscosity
decreases whereas in dilatant fluids viscosity increases as shear increases. In
rheopectic fluids, viscosity increases as a function of time. In thixotropic , viscosity
decreases over time when using a constant shear rate. As shear rate decreases the
material will gradually recover the original internal structure before shear, this can
take seconds or days to fully recover.

Figure 4.7 : Newtonian and Non-Newtonian flow curves
In Bingham plastics, over a reasonable range of shear rates, the shear stres is a linear
function of shear rate, but with an initial, which is called the yield stress (Malkin and
Isayev, 2006). This was found by extrapolation of shear rate-shear stres graph to
where the shear rate was zero. This shows that there would be no flow at all unless
the stress was higher than this critical value. Bingham investigated systems like this,
and this simple straight-line-with-intercept-type bears his name, and such liquids are
called Bingham plastics, the intercept is called the Bingham yield stress τB and the
slope of the straight line is called the plastic viscosity, ηpl (4.7).

50

τ = τB + ηpl.γ

(4.7)

Flow index is the indicator of flow character. It is determined by calculating the
slope of log shear rate-log shear stress graph. If the flow index is 1, then the fluid is
Newtonian. If it higher than 1, the fluid is dilatant and if it is smaller than 1, the fluid
is pseudoplastic.
Temperature dependent rheological properties of keratin and keratin-graftpolyacrylonitrile copolymers were determined by rheology analysis. 15% w/w
solutions were prepared in DMSO and measurements were performed at 25oC.
Measurements were performed by increasing spindle speeds from 2,5 rpm to 100
rpm and slowing down back from 100 rpm to 2,50 rpm.
The degree of thixotropic or rheopectic behaviour is determined by the measurement
of the area of the hysteresis loop. The area betweeen upward and downward curve in
shear rate-shear stress plot is called hysteresis area. Table 4.7 showed the hysteresis
area of copolymers determined by viscometer.
Table 4.7 : Yield stress, flow index and hysteresis area values of keratin and
K(PAN-co-PVP) at 25oC

Yield stress,B
(mPa)
4,45
4,62
4,23

Keratin
IP11
IP14

Flow index
(Pa.s)

Hysteresis Area.
(mPa)

0,16
0,66
0,65

44,87
247,52
220,50

Shear Stress & Shear rate
70

y = 0,6161x + 4,2271
R² = 0,9892

60
50

Shear Stress - Shear
rate

40
30

Linear (Shear Stress Shear rate)

20
10
0
0

20

40

60

80

100

Figure 4.8 : Shear stress-shear rate plots of IP14 at 25oC
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Polyacrylonitrile copolymerization of keratin caused to increase the rheological
parameters (Table 4.7). Shear rate-shear stress plot of IP14 at 25oC were given at
Figure 4.8.
Flow index of keratin, IP9 and IP14 is smaller than 1 thus, the fluids are
pseudoplastic. According to shear stress-shear rate curve, the fluids are thixotropic
because of the area of the hysteresis loop.
4.2.2 Charecterization of Molecular Weight with the Help of Gel Permeation
Chromatography (GPC)
Gel permeation chromatography (GPC) is one of the most powerful and versatile
analytical techniques available for understanding and predicting polymer
performance. It is the most convenient technique for characterizing the complete
molecular weight distribution of a polymer.
GPC can determine several important parameters. These include number average
molecular weight, weight average molecular weight, Z weight average molecular
weight, and the most fundamental characteristic of a polymer its molecular weight
distribution.
All parameters of copolymer that related with molecular weights (Mw, Mn, Mz, PDI)
depend on polymerization conditions. At the table 4.6 we can see all relation of
molecular weight and polymerization conditions.
Table 4.8 : Molecular weight and polymerization condition of K(PAN-co-PVP)
No
IP8
IP9
IP10
IP11
IP12
IP13
IP14
IP15
IP16

AN
(mol)
0,122
0,122
0,122
0,122
0,107
0,107
0,107
0,122
0,122

VP
(mol)
0,05
0,05
0,05
0,04
0,05
0,06
0,07
0,03
0,02

APS
(mmol)
8,77
8,77
6,14
6,14
6,14
6,14
6,14
6,14
6,14

Temp.
(oC±2)
45
35
35
35
35
35
35
35
35

Yield
(%)
52,7
41,3
46,9
53,6
36,4
41,6
44,6
52,9
63,1

Mn

Mw

PDI

15118
15605
17218
16518
13095
17002
13766
18107
19002

88216
85718
89316
82183
77018
85918
80102
85126
89813

5,84
5,49
5,19
4,98
5,88
5,05
5,82
4,70
4,73

As we know that, the number average molecular weight (Mn), the weight average
molecular weight (Mw) and polydispersity index (PDI) are so crucial parameters. All
parameters are important because it determines many physical properties such as
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stiffness, strength, viscoelasticity, toughness, and viscosity. If molecular weight is
too low, the transition temperatures and the mechanical properties will generally be
too low for the polymer material to have any useful commercial applications.
Polydispersity index of polymers is between 4,70 to 5,88 (Table 4.7). Because of free
radical polymerization, chain of polymer is growing rapidly and thus heterogeneity
of polymer increase.
IP8 and IP9 had same reaction conditions except temperature. Reaction temperature
of IP8 was 45oC, but IP9 was 35oC. Due to the high temperature at IP8, reaction
kinetics increase and monomer addition to the chain of polymer became faster.
Therefore, heterogeneity of polymer increases, so polydispersity index (PDI) of IP8
was higher than IP9 (table 4.7).
IP15 and IP16 have the lowest PDI value because they have lowest amount of the
vinylpyyrilidione (VP). Therefore, it is an obvious fact that amount of
vinylpyyrilidione (VP) increase the PDI (Table 4.7).
IP9 and IP10 had same reaction condition except quantity of Ammonium persulfate
(APS). There is direct relation between APS and PDI.
4.3 Electrospinning of K(PAN-co-PVP) to Produce Fibers
Electrospinning uses an electrical charge to draw very fine (typically on the micro or
nano scale) fibres from a liquid. Electrospinning shares characteristics of both
electrospraying and conventional solution dry spinning of fibers (Ziabicki et al.,
1976). This makes the process particularly suited to the production of fibers using
large and complex molecules. Electrospinning has the potential to produce seamless
non-woven

garments

by

integrating

advanced

manufacturing

with

fiber

electrospinning. This would introduce multi-functionality (flame, chemical,
environmental protection) by blending fibers into electrospinlaced that using
electrospinning to combine different fibers and coatings to form three dimensional
shapes, such as clothing layers in combination with polymer coatings (Lee et al.
2007).
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Figure 4.9 : SEM image of K(PAN-co-PVP)
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5. CONCLUSIONS AND RECOMMENDATIONS


Lipid compounds of chicken feathers were dewaxed with soxhlet system with
an organic solvent. These lipid compounds may used in chemical industry.



Then, feathers were solubilised using NaOH and/or Na2S at various
conditions in order to obtain keratin. The optimum conditions were found as
11g keratin, 3M NaOH, 0,2mmole/L Na2S and time of reaction was 3,5 hours
at room temperature. The solution was precipitated with diluted hydrochloric
acid until pH 4,2 and maximum yield was 90 %.



Keratin was confirmed with FTIR and 1H-NMR. Characteristic amide A,
amide B, amide I, amide II and amide III regions were observed in FTIR
spectrum. Characteristic signals were seen in 1H-NMR spectrum.



Acrylonitrile and vinylpyrrolidone was grafted onto keratin using ammonium
persulfate/sodium metabisulfite redox initiator pair. The optimum conditions
were found as 0,25 g keratin, 2 mole/L acrylonitrile, 0,3 mole/L
vinylpyrrolidone, 100 mmole/L ammonium persulfate, 88 mmole/L sodium
metabisulfite at 35°C during 3 hours. The maximum yield was 63%.



In FTIR spectrum of copolymers, characteristic nitrile vibration was observed
at 2243-2245 cm-1 and intensity of carbonyl peak increase at 1650 cm-1 that
proved copolymerization. In

1

H-NMR spectra of copolymers, signals

belonging to —SH and -NH protons of keratin disappeared, so it was thought
that polymerization started on these protons. According to literature, it is also
known that polymerization could have started on -OH proton but it could not
be observed because of the solvent signal at 1H-NMR.


Keratin

and

K(PAN-co-PVP)

copolymers

were

characterized

with

rheological, thermal and morphological analysis.


Thermal analysis was performed by DSC and TGA. According to DSC
results, keratin denaturation started at 221°C up to 350°C. Copolymers
showed a “Tg” around 131-168°C that depends on amount of monomers (AN
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and VP). Keratin decomposition was started at 38oC, but copolymers were
started between 111oC to 124oC, which related to amount of acrylonitrile and
vinylpyrrolidone. Crystallization temperature and melting point of keratin is
332oC and 471oC respectively. However, crystallization temperature and
melting point of graft copolymers are 265-292oC and 389-409oC. As a result,
amount of polyacrylonitrile and polyvinylpyrrolidione, reaction temperature
and other polymerization conditions affect thermal resistance of polymer.


After copolymers were synthesized, 15 % w/w polymer was prepared by
20/80 % w/w DMF/DMSO solvent mixture. Solution were electrospun with
3ml/h flow rate and under 30 kV. The distance between needle and the plate
was 15 cm. 1 needle used for spinning.



Gel permeation chromatography (GPC) used to analyse molecular weight
parameters. All molecular weight parameters is depend on reaction condition
like temperature, amount of monomer and keratin, time and initiator. Number
average molecular weight (Mn) is between 13095 to 19002 and the weight
average molecular weight (Mw) is between 77018 to 89813. Polydispersity
index of polymers is between 4,70 to 5,88. Because of free radical
polymerization, chain of polymer is growing rapidly and thus heterogeneity
of polymer increase.
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