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Abstract

Recently, there has been a surge in investigating the potential of
using natural fibers for reinforcements in composite materials. One
such natural fiber having immense potential for use in polymer com-
posites is chicken feather fiber. Every year, over 4.8 million tonnes
of chicken feathers are generated globally. Currently, feathers are
hydrolyzed into feather-meal which is used as an animal feed and
fertilizer. Chicken feathers are cheap, abundant and easily avail-
able. These feathers could be used as reinforcements in polymer
composites. But, the feathers obtained from meat processing plants
are coated with blood, offal fat, preen oil, debris and poultry process-
ing water. This makes the feathers sticky, odoriferous and unfit for
use as reinforcement. Extracting lipids from the feathers by leaching
results in fibers which are not greasy and improves the fiber-matrix
bonding of composites.

The objective of this study was to characterize the cleaning pro-
cess of chicken feather fibers. Also, the effect of hydrogen peroxide
cleaning on the mechanical properties of feather fiber was tested.
The raw feathers were decontaminated with sodium hypochlorite
and these samples were used for the cleaning experiments. Cleaning
was carried out using 0.15 % and 0.25% of HyO,. Stages of cleaning
and time were varied. The sample to solvent ratio was 10g/500 ml
of solvent. It was found that 10 minutes of leaching for 3 stages was
efficient in extracting soluble impurities from the feathers. Equilib-
rium experiments were conducted and a mass balance based on lipid
exchange was designed.An equilibrium graph was plotted. Also, sin-
gle fiber tensile tests were done on the HyO5 treated samples. A two
parameter Weibull distribution was plotted to predict the failure
strength of the fibers. It was found that H,O, treatment on feath-
ers reduces its Tensile strength (by very less magnitude). It was also

observed that fibers were not damaged due to HyO5 treatment.
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1 Introduction

Composite materials consist of two or more components in such a way that they
are insoluble in each other. The matrix confers toughness to the composite and
keeps the reinforcement in desired location and orientation[1][2]. The reinforced
material is responsible for the strength and stiffness of the composite. Synthetic
fibers like kevlar, glass fibers and carbon fibers are very commonly used as fiber
reinforcements in composite materials. Natural fibers like coir, hemp, jute and
wool have also been used as an effective fiber reinforcement. An alternative
natural fiber which can be used as reinforcements in polymer composites are
chicken feather fibers[32].

New Zealand has a poultry production of 149 thousand tonnes as of 2011.
Poultry meat represents 36 % of the total meat market|[3]. The major by-product
of the poultry industry is chicken feathers. Currently, feathers are hydrolyzed
into feather-meal which is used as an animal feed and fertilizer[4][5]. Much
research is being done to explore the alternative applications of chicken feather
fibers. Chicken feathers consist about 90% protein, mainly keratin[6]. This
confers toughness to the fibers. It has a very low density of 0.8 gm/cm3[7].
It is therefore extremely light and can reduce the weight of the composites
manufactured. Feathers have a hierarchal structure; it has a hollow tube like
structure called a rachis. The fibers which arise from this rachis are called barbs.
The barbs in turn branch out into barbules.

Barbs are the structures in the feathers which can be used as a fiber for
reinforcement purposes. Feathers obtained from the meat processing plants are
coated with blood, offal fat, preen oil, debris and poultry processing water.
This makes the feathers sticky, odoriferous and unfit for use as reinforcement
fiber. Therefore, cleaning the feathers is required in order to use the fibers for
reinforcement purposes.

The objective of this study is to characterize the cleaning process of chicken
feather fibers using hydrogen peroxide as a solvent and then observe and analyze
the effect of HoO4 cleaning on the morphological and mechanical properties of
the feather fibers.



2 Composite Materials

2.1 Introduction to composite materials

Composite materials consist of two or more materials (as components) in such a
way that they are insoluble in each other. This makes the composite materials
stronger than they are apart [1][2]. One of the earliest examples of composites
dates back to 1500 B.C when the Egyptians used straw to reinforce mudbricks.
Ever since, composite materials have found a place in this world and are typi-
cally used in household appliances, automobiles, construction industry, electrical
appliances, marine industry, aircraft industry and many more [8][9].

A very common example of a composite material used widely is a fiber-

reinforced plastic roof. It’s structure is depicted in the following diagram:

matrix

reinforced
‘material

Figure 1: Fiber-reinforced plastic roof

It can be noticed from the figure that the plastic roof is composed of a matrix
and a reinforced material. The matrix confers toughness to the composite.
It keeps the reinforcement in desired location and orientation. Whereas, the
reinforced material is responsible for the strength and stiffness of the composite
[11)[2]

2.2 Classification of composite materials

There are three main types of composites depending on the reinforcements used
[11].

2.2.1 Laminar Composites

Laminar composites comprise of layers of materials bonded together. There can

be two or more layers of materials arranged in a determined order. Examples

10



include plywood and modern skis.

2.2.2 Particulate Composites

Particulate composites comprise of particles distributed or embedded in a ma-
trix body. The strength of the composite usually depends on the diameter of
the particles, the inter-particle spacing, volume fraction and properties of the
matrix. Concrete is a very well known example of a particulate composite. The

stone is the particle and cement acts as a matrix.

2.2.3 Fibre Reinforced Composites

In the type of composites, fibers are used as the reinforcement material on a
plastic resin. A fiber has a high length to diameter ratio. This is known as an

‘aspect ratio’. There are two major types of fiber reinforcements.
e Continuous fibre reinforcements

These fibers have very high aspect ratios and generally have a preferred ori-
entation. Any further increase in the length of the fiber will not change the
properties of the composite. Continuous fiber composites are used where higher
strength and stiffness are required but at a higher cost. A diagrammatic repre-

sentation of continuous fiber reinforcements is shown below in Fig.2.

S EESSEen ™

Figure 2: Continuous fibre reinforced composite [10].

e Discontinuous fibre reinforcements

The fibers have low aspect ratios and normally have a random orientation. The

applications involving multi-directional applied stresses commonly use discon-

11



tinuous fibers. Also, it is cheaper to manufacture such composites. A diagram-
matic representation of discontinuous fiber reinforcements is shown below in
Fig. 3.

Figure 3: Discontinuous fiber reinforced composites [10].

Fiber-matrix bonding is an important factor which affects the strength of a
composite material in both continuous and discontinuous fiber reinforced com-
posites. Good adhesion of the fibers to the matrix increases the strength of a
composite material. However, the final properties of a composite material man-
ufactured depends on factors such as mechanical properties of the fiber, type
and orientation of fibers, volume fraction of fibers and processing techniques

used.

2.3 Types of Fibers
2.3.1 Manmade Fibers

Man-made fibers are synthesized from polymers. The raw materials used to
manufacture the polymers are derived from petrochemicals. Large number of
consumer and industrial products have man-made fibers incorporated in them.
Typical examples include automobile bodies, sports equipment, smart phones,
thermal insulation, in cables and many more. Some of the most widely used
synthetic fibers are kevlar fibers, glass fibers, carbon fibers and aluminum fibers.
The advantages of using synthetic fibers are high tensile strength, stiffness, ther-
mal stability, large scale manufacturing, to name a few. Mechanical properties

of some manmade fibers are listed in Table 1:

12



Table 1: Mechanical properties of Man-made fibers [12][13].

Fiber ‘ Density(g/cm3) ‘ Diamet.(um) ‘ E-failure(%) ‘ Ten.strength(Mpa) ‘ E-mod.(GPa) ‘
E-glass 2.5 9-15 2.5 1200-1500 70
carbon 1.4 5-9 1.4-1.8 4000 230-240

aluminium 2.7 20-200 0 110 69
kevlar 49 1.44 - 2.4 3800 131

2.3.2 Natural Fibres

Natural fibers are obtained from plant and animal sources. Plant fibers include
stem, leaf, seed, fruit, wood, cereal straw and other soft grass fibers. Animal
fibers include hair, wool and silk. Plant fibers are composed of cellulose while
animal fibers consist of proteins. A quick glance at the types of natural fibers
will reveal its versatility [14][15][16]. The mechanical properties of some popular

natural fibers are listed in Table. 2.
Fibres from Fruit

Cotton

Cotton is the most used textile fiber in the world. It is almost pure cellulose.
It is cultivated as an annual shrub. The cotton fiber grows in a boll around
the seeds of the cotton plant. It is primarily used in textiles, mattresses,

fishing nets, to name a few [16][17].

Coir

The fiber from the outer layer of coconuts is called as coir. The fibrous layer of
the fruit is separated from hard shell. The husk is soaked in water for about
10 months (retting) and then beaten to break away the fibers. The coir fibers
are strong, light in weight and can withstand heat and salt water. The

applications of coir include brushes, mattresses and geotextiles [16][17].

13



Fibres from Stem

Plants like flax, hemp, jute, kenaf, ramie bamboo fall under this classification
of fibers. These plants are cut from the ground and soaked in water, then
stripped from the core and dried. These fibers are utilized in fabrics, bags,

canvas, cordage, carpeting and non-wovens [14][16][17][18].

Fibres from Leaves

Sisal and abaca are the most important leaf fibers. Sisal is a drought tolerant
plant which has rosettes of long, pointy, fleshy leaves. It is used in carpets,
composite materials and paper pulp. In abaca, the leaves are first harvested
and then boiled to prepare the fibers. Applications of abaca fibers include a
range of specialty papers, sausage casings, tea bags, coffee filters and bank
notes [14][16][17][18].

Table 2: Mechanical properties of Natural Fibers[19, 20, 21, 22, 23, 24, 28, 25,

26, 27).
| Fiber | Den.(g/em®) | Diamet(um) | E- failure(%) | Ten.strength(MPa) | E-mod(GPa)
Bagasse - 490 - 70 -
coir 1.2 - 30 175 46
Cotton 1.5-1.6 20 7.8 287-597 5-13
Curaua 1.38 66 3.9 913 30
Flax 15 50-100 2.7-3.2 342-1035 50-70
Hemp 1.10 120 1.6 389-900 35
Henequen - 180 3.7-5.9 430-570 10-16
Jute 1.3 260 1.5-1.8 393-773 26
Kenaf 1.31 106 18 1427-519 23.27
Pineapple 1.32 - 2.4 608-700 25-29
Ramie 1.50 34 3.6-3.8 100-938 24.32
Sisal 15 50-80 225 337-413 8-10
Bamboo 0.88-1.10 100-200 - 391-713 18-55
Silk 1.34 3.57-12.9 18-40 260 9.9
Spider silk 1.30 3.57 17-18 875-972 11-13
Wool 1.31 16-40 25-35 120-174 2.3-3.4

14



Animal Fibres

The most widely used animal fibers are wool and silk. Wool is the fiber from
the fleece of sheep and similar hairy animals. Examples include alpacas,
lalmas, vicunas, yaks, camels cashmere goats and angora rabbits. It is
primarily used for coarser types of bedding, upholstery and carpets. Silk is
produced from the cocoons of silkworm. The silkworm secrets an unbroken
fiber cocoon which is boiled and unbound to form the fiber which is then spun.

Silk has applications in textile industries.

These natural fibers have an enormous potential to replace conventional
man-made fibers. They have low cost, low resource consumption for their pro-
duction, good mechanical properties, non-abrasive, renewable, have low density,
are biodegradable and can be recycled [14, 16, 17, 18].

15



3 Chicken Feathers

3.1 Poultry Industry and Rendering

The global poultry industry includes chicken, turkey, duck, guinea fowl , goose,
quail, pheasants and squabs, but chicken meat has dominated the global poultry
industry since many years [29]. In 2011, the world chicken meat production
amounted to 89.2 million tonnes [30]. New Zealand has a poultry production of
149 thousand tonnes. Poultry meat is the most popular meat in New Zealand
representing 36 % of the meat market [3].

The poultry farms rear meat chickens called broilers for 42-45 days. They are
then slaughtered and processed. The first step of slaughtering is stunning and
killing, followed by scalding and then defeathering [31]. Feathers are removed
by mechanical pluckers fitted with rubber fingers. Defeathering is completed
by operators called pinners, who manually finish plucking. The feathers are
pumped over a separation screen into a container with a mixture of dilute blood,
grease, cleaning water and feathers [5]. After defeathering, removal of heads
and legs follows. Heads, beaks and feet are often mixed with the feathers. The
next step is evisceration. Here, the viscera (internal organs) are removed. It
can be done either with knives (manually) or by using complex, fully automated
mechanical devices. The carcasses are inspected during the evisceration process.

After the carcass has been washed, they are chilled to a temperature below
4°C. Later, whole or individual parts of the birds may be packaged raw for
direct sale. They may also be further be processed into deboned and ground
meat [32].

3.1.1 Feathers as byproducts

Such an intensive meat production has also led to generation of over 4.8 million
tonnes of chicken feathers world wide every year [42, 7, 33, 34]. Chicken feath-
ers are often seen as a waste and the most widely used methods for disposal
of chicken feathers are land filling and burning [7, 33, 34]. Feathers, blood and
offal are rendered into a high protein product called feather meal. Amino acid
supplements are added to improve feed quality. This product is 60% digestable
[4, 5]. Researchers all over the world are exploring opportunities to increase
revenue by developing alternative applications for chicken feathers. But, be-
fore implementing these applications, it is necessary to know the physical and
chemical structure of the chicken feathers.

16



3.2 Feather Structure and Types
3.2.1 Structure

Chicken feathers have a central, hollow tube like structure called a rachis. From
this rachis arises feather fibers called barbs. Technically, feathers have a hier-
archical and branched structure (shown in Fig.4) and they can be divided into

three parts:
e rachis
e barbs

e barbules

Proximal Barbufes
of the Noxt Barb

Distal Barbules of
One Barb

Figure 4: Feather Structure [35].

The barbs are upto 35 mm long and have a diameter of 40-400um. The
barbules have lengths of less than 1 mm and diameters of 10-30um. Barbules
have hooks known as barbicels, which connect with barbules on adjacent barbs.
The rachis length is typically between 40-120 mm and diameter can exceed 3mm
[7, 36].

3.2.2 Types of Feathers

The primary function of feathers is for flight and protection of the skin of the
birds. In the domesticated poultry, feathers grow in distinct tracts. They grow

17



all over the body of a chicken and they appear to have a uniform feather cover
[37]. Feathers constitute 3-6 % of the body weight of the chickens. There are 5
main types of feathers based on morphology [38]. It is shown in Fig.5.

e contour feathers

downy feathers

e semiplume

e filoplume
e bristle
O
—
Contour Semiplume  Filoplume Bristle Downy

Figure 5: Types of Feathers [39].

Contour feathers are primarily responsible for flight and provide defense
against physical objects, sunlight, wind and rain. The downy feathers are
smaller than the contour feathers and lack barbules and barbicels. They are
soft and fluffy, located beneath the contour feathers. They provide most of the
insulation to the birds. Semi-plumes have characteristics of both contour and

downy feathers. They have long rachis and barbs similar to downy feathers.

18



Filo-plumes are smaller than semi-plumes, with only a few barbs at the tip of
a fine shaft. They serve a sensory function in a chicken, registering vibrations
and changes in pressure. Bristles are stiff and have very short barbs near the
tip. Bristles are protective in function and are found on a chickens head, at the

base of the beak, around the eyes and covering the nostrils[40].

3.3 Chemical Structure of Chicken Feathers

Nearly 90 % of the barbs and the rachis of the feathers are made up of a protein
called keratin. Keratin is insoluble and highly durable protein found in hair,
hoofs and horns of animals[6]. Based on structure, there are two different forms

of keratin. It is shown below in Fig.6.
e alpha helical structure of keratin

e beta pleated sheet structure of keratin

a) a- helical structure of keratin b) B pleated sheet structure of keratin

Figure 6: Forms of keratin[41].

The barbs and the barbules of the feathers have the alpha-helical structure
of the keratin. Feather keratin has a molecular weight of about 10,500 g/mol
and cystine content of 7%. Cystine is responsible for the sulfur-sulfur bonding
in keratin[42]. The fibrous keratin molecules supercoil to form very stable, left

handed super helices. On the other hand, the central portion in the feather,
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the rachis, is rich in hydrophobic residues and predominantly has beta-pleated
sheet structure of keratin[43].

The polypeptide chains of keratin arrange into protofilaments. Many of
these protofilaments join together to form microfibrils. These fibrils themselves
become attached to form even thicker and denser fibrils. The cell contents then
dehydrate and become replaced with other keratinous fibrils. In this way the
keratins are organized into fibers[44]. This diagrammatic representation of this

process is shown in Fig.7.

Protofilament Microfibril
M-terminal R e -
heads e
_F-—t
Coiled
C-terminal
tails

Figure 7: Organization of keratin into fibers[11].
The chicken feather fibers are rigid in structure due to the hydrogen bonding

of the helix-proteins. The di-sulfide bonds of cystine stabilizes the cylindrical
units into very strong cables[45]. The amino acid sequence of keratin in chicken

20



feathers is similar to the amino acid sequence of keratin in other birds. It
also has a great deal in common with other reptilian keratins from claws. The
sequence is largely composed of cystine, glycine, proline and serine. Where as
methionine, histidine and lysine are almost absent[46].

3.4 Application of Chicken Feather Fibers

Chicken feather fibers are cheap, biodegradable and a great source of small
diameter, high surface area, tough and durable fiber making them attractive for
use in different industries[47]. There have been numerous studies conducted on
the uses and applications of chicken feather fibers, some of which are discussed

below.

3.4.1 Reinforcement in Composite Materials

The unique shape of the feather fibers, a center fiber with many branching
fibers, makes feathers ideal for random orientation processes such as injection
molding, dry formation or wet laying[48].

The chicken feather fiber diameter is approximately 5-50um and its length
ranges from 1 mm to 35 mm [21, 37, 40, 41]. The length of the fibers is an
important consideration as it would affect the stress transferability between the
matrix and the fiber[50]. The bonding between the polymer matrix and the
fiber is an important factor affecting the quality of composite manufactured.

The presence of rachis in the chicken feathers makes it more granular, bulkier,
light weight material. Removal of the rachis results in smoother and denser
products. The rachis is preferable to be used as fillers. Hence, for most of the
fiber-reinforcement work, the fiber is cut from the rachis of the feathers[51, 52].

Chicken feather fibers have good mechanical properties and are non-abrasive,
making them ideal for use as reinforcements in polymer matrices. Examples
include interior panelling, ready to assemble furniture in automobiles, trucks,
homes, offices and factories. In composites with thermoset polyesters, feathers
were reported to increase strength by 20% and decrease weight by 50%[53].
Some properties of chicken fibers are summarized in Table 3.
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Table 3: Mechanical properties of chicken fibers [7, 54, 55, 56].

Density(g/cm?) ‘ 0.8 ‘
Tensile strength (MPa) | 190-203
Youngs modulus 3.6-4.5
Melting point (° C) 240

In terms of fiber reinforcement, the use of down feather fibers is found to give
better results than flight feather fibers. This is because, the flight feather fibers
have hollow structures while the down feather fibers have solid structures[50].

The down industry separates whole feathers into sizes to extract the finest
feathers from other feathers. The separation of the down feathers from a mixture
is based upon the principle that smaller, light weight features have greater lift

in an upflow of air than larger feathers[51].

3.4.2 In Microchips

A proposed application of chicken feathers is in computer chips[57]. Hong,C.K
and Wool,R.P [55] have investigated the potential of including chicken feath-
ers in circuit boards to replace silicon, creating bio-based microchips. These

biobased microchips have some advantages over the conventional microchips.

Chicken feathers have a very low density. They are light and tough. Thus,
they provide strength and decrease the weight. The dielectric constant of air is
1.0 and that of silicon di oxide 3.8-4.2, where as keratin fibers have a dielectric
constant of 1.6. Which means that electrons can move on feather based circuit
boards at twice the speed as traditional circuit boards.Prototypes of this

chicken feather microchips are being trailed[57] .

3.4.3 For Filtration of Heavy Metals

Chicken feathers were sucessfully used as a biosorbent for heavy metal removal
from aqueous solutions. Heavy metals like lead, arsenic, compounds like phenols
and few hazardous dyes were reported to be filtered from water using chicken
feathers. The need to develop effective , low-cost and environmentally friendly
methods for water treatment has lead to the selection of chicken feathers for

biosorption.

High tensile strength, water insolubility, structural toughness , stability over a

wide range of pH are the reasons for chicken feathers being preferred. Chicken
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feathers are also used in packed columns for filtration applications for a

number of adsorption/desorption cycles[59, 60].

3.4.4 In Pharmaceuticals and Sanitary Products

Keratin of poultry feathers and its derivative nano-composites have the potential
to be used in biomedical products intended for wound repairing and bone tissue
regeneration. It can be in skin care products, as it makes the skin, hair and
nails healthy. This is because of it’s high sulfur content which contributes to

the growth of cartilages, bone tissues, tendons, hairs, nails and skin[61].

There is a demand for textile materials having specific properties like the
ability to absorb and retain humidity. Biomodified cellulose and keratin
obtained from poultry feathers were used to make composite sanitary
products. They have advantages of better sorption properties, higher

hygroscopicity and smaller wetting angle when compared to cellulose fibers[61].

3.4.5 As Non-Woven Mats

Non-woven mats are sheet like structures formed by mechanically, thermally
or chemically intertwining fibers. They are not made by weaving or knitting.
Feather fibers have been utilized to make non-woven mats. These mats are used
to prevent soil erosion during the re-vegetation process of several land restora-
tion projects. The mat can survive in the soil for 2 years and degrades almost
completely[62]. Ye and Broughton|63] created a non-woven mat which was re-
ported to exhibit better insulating properties than polyester fibers. Chicken
feather fibers are reported to ideal erosion control agents.

3.4.6 Hydrogen Storage

Hydrogen is a leading alternative fuel for vehicles. Storing sufficient quantities
of hydrogen under normal pressure is very difficult. Carbon nano tubes are
the ideal storage units of hydrogen under normal pressure. But, a carbon nano
tube storage tank is extremely costly. Researchers have found that carbonized
feathers can store as much hydrogen as carbon nano tubes. Moreover, stor-
age tanks made of carbonized feathers would be very cheap to manufacture.
Chicken feathers could be a promising solution to tackle the hydrogen storage
problem[64].
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3.4.7 Films and Foils

Treatment and softening of keratin in chicken feathers leads to the formation
of translucent biodegradable films and foils. It could possibly be made use of
as a plastic wrap/food wrap in future. The film thus produced can also be
used as a drug encapsulation material. Further research in the field is being
conducted[65].

3.4.8 Paper and Bullet Proof Vests

Feather fibers are useful in making air-filters and decorative papers. This could
help in decreasing the amount of wood pulp used for paper production. Air
filters made from feather fibers have smaller and more pores. It could provide
finer filtration[66].

A British defense R&D project has experimented making bullet proof vests
from a fabric created from woven feather quills. The product was reported to
be lighter and more comfortable than kevlar vests and seemed to offer

excellent protective qualities. It is also less expensive[66].
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4 Processing Chicken Feathers

4.1 The need for processing

Chicken feathers collected from meat processing plants should be processed for

the following reasons:

In meat processing plant, feathers are plucked from chicken. The meat is
packed and the feathers often lie as heaps mixed with offal, dilute blood,
grease and water. Unprocessed raw feathers appear straw-like, with a greasy
texture and the barbs are stuck to the rachis.The feathers obtained/collected

are discolored and have obnoxious odor[5].

The freshly collected feathers could possibly be harboring a variety of disease
causing micro-organisms. The common genera of microbes which are found on
the raw chicken feather fibers are campylobacter, enterobacter, salmonella and

Escherichia. These pathogens are known to cause gastroenteritis[67, 68, 69].

In section 2.2.3, discontinuous fiber reinforcements were discussed. The
chicken feather fibers (short fibers) are mostly used as discontinuous fiber
reinforcements. By processing and cleaning chicken feather fibers it is made
sure that the fiber surface is freed from lipids and fatty acid coatings.
Cleaning of lipids and fatty acids from the feather surface enhances the
bonding between the matrix and fiber. It improves the stress transferability
between the matrix and fiber and thus increasing the quality of the composites
manufactured. Processing of freshly collected feathers prevents it’s decay. The

processed feathers can be stored safely at room temperature.

4.2 Steps of Processing

Processing chicken feathers typically requires several steps. A United States

patent by Gassner et al describes the main steps as follows [52]:

e collecting raw feathers

washing the feather in an organic solvent

e repeating washing step

drying the feathers

e removing the fibers from feather shaft
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4.2.1 Collecting Raw Feathers

The raw feathers are collected from meat-processing plants in air tight containers
and then transported to the feather processing units. The feathers obtained
from the meat processing plants have a combination of all the types of poultry
feathers. It is a more practical way to use all these feathers for composite
material production. The collected feathers should be processed as soon as

possible to prevent its decay[42, 7].

4.2.2 Washing of Feathers in an Organic Solvent

The feathers are washed in organic solvents to remove impurities like preen oil,
offal fat from feather surfaces and also to whiten the fibers. The organic solvents

used to wash feathers should have the following features:

e The solvent should be able to extract the target compounds in a short

time.

e The solvent should be compatible with the sample and should not react

with target compounds.

e The solvent should be chemically and thermally stable during operational

conditions.

e Low viscosity is necessary to increase the diffusion co-efficient and to keep

the extraction rate higher.
e Low flammability.
e Low toxicity.
e environmentally friendly.

Ethanol is an organic solvent used for cleaning chicken feathers, patented by
Gassner et al. After the cleaning, ethanol is distilled and re-used. When or-
ganic solvents are used for cleaning, their discharge could cause potential prob-
lems for the environment. Inorganic solvents like hydrogen peroxide, sodium
hypochlorite and detergents like sodium dodecyl sulfate (SDS) can be used for
cleaning[70, 71]. A brief look into a few inorganic solvents would show their

significance:
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Sodium Hypochlorite
Liquid sodium hypochlorite is the most widely used bleach. It performs three

important functions[72].
e oxidizes and aids in removal of dirt
e acts as a disinfectant
e whitens the fibers

Sodium hypochlorite (1-5% w/v at pH 10 to 12) can be used to make the raw
unprocessed feather bacteriostatic. It can be sucessfully used as a decontaminat-
ing agent|73]. Decontamination of chicken feathers using sodium hypochlorite
needs to be done at a pH above 10, since it’s active component can exist in three

different states.

e at a pH greater than 10, the hypochlorite is present as sodium hypochlo-

rite.

e at pH 5 and 8.5 the solution consists predominantly of hypochlorous acid
and as the pH falls below 5, the liberation of chlorine takes place.

e when pH falls below 3, all the hypochlorous acid is converted into chlorine.

HOC!I = Ht +0CI~

HOClI+ H' 4+ Cl~ = Cls + Hy0

Hydrogen Peroxide
The objective of using hydrogen peroxide is to bleach the fibers.

Hydrogen peroxide (3 % concentration) is a well-known bleaching agent.

The active oxidizing agent is the perhydroxyl ion species [74].

HyOy = H+ HO™?

Hydrogen peroxide is a favorable bleaching agent when using protein fibers,

since it does not react with proteins. This aids in retaining the mechanical
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properties of the feather fiber. Treating keratinous fibers with hydrogen peroxide
leads to breakdown of cystine linkages. A considerable number of disulfide

linkages are first hydrolyzed and later oxidized to varying degrees [74, 75].

R.SS.R—+ R.SH + R.SOH — R.SO,H

Feathers contain melanin pigments (These pigments provide colour to the
feathers). It is suggested by few researchers that during bleaching of a fiber by
hydrogen peroxide, it interacts preferably with melanin discs and less with
keratins of fibers [76]. This may be the reason for whitening of the feathers
after bleaching and yet retaining good mechanical properties.

Hydrogen peroxide also performs the function of lipid removal. It is used
clinically to remove ear wax. A brief look about the mechanism of H,O5 in
removal of ear wax could be helpful to understand its lipid removal action.
The majority of the epidermal cells in the ear are keratinocytes. The ear wax
contains keratinocytes and secretions like long chain fatty acids, alcohols,
squalene and cholestrol. When applied, H,Osbreaks up the ear wax through
the release of gas/bubbles (mild foaming) due to its reaction with enzyme
catalase. The wax is removed due to this mechanical action [77, 78]. A similar
mechanism may be involved in removal of lipids from the surface of feathers,
since keratinocytes and lipids are involved in both the cases. It is
environmentally friendly to use hydrogen peroxide because it breaks down to

water and oxygen after the treatment and is safe for disposal [79].

4.2.3 Repeating Washing Step

In most cases, washing needs to be more than once. The number of times
washing is repeated depends on the desired level of cleaning. It could be a one
time wash for a long duration or divided into several short spells. The former
may require more time and less solvent, whereas the latter may require less time
and more solvent.

The amount of solvent used depends on the solvent to the feed (here, chicken
feathers) ratio. High solvent to feed ratio means higher solvent consumption. It

is related to the economic aspects of the concerned industry [80].
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4.2.4 Drying

Chicken feathers recovered after cleaning are dried to constant mass using hot
air oven. Wet feathers are fluffed before drying to disperse the particles. Greater
surface area facilitates efficient drying. After drying, the feathers can be com-
pared to the unprocessed raw feathers to observe the significant change in feather

color and texture.

4.2.5 Removing the Fibers from feather shaft

In section 2.4.1, the reason for stripping of the fibers from the rachis of the feath-
ers for commercial production of fibers was mentioned. This process is called as
comminution. The principle involved here is application of mechanical stress on
the feathers to reduce the particle size. The equipment used for this process can
be refiners, pulpers or disc mills. A patent on comminution states that refin-
ers or disc mills grinded, sheared, shredded, pulverized, rubbed and fluffed the
feather into short fibers. The fibers recovered are dried to constant mass and
then labeled and packed. These fibers are ready to be used as reinforcements

for various polymer matrices [19].
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5 Leaching and Diffusion

5.1 Steps involved in Leaching

Leaching is the removal of a soluble fraction of a solid material by a liquid
solvent. The solute diffuses from inside the solid into the surrounding solvent.
Leaching is also termed solid-liquid extraction. Either the extracted solute or
the insoluble solid portion may be the valuable product[81, 82].

The general steps involved in any solid-liquid extraction are:

1. Solvent is transferred from bulk solution to the surface of the solid.
2. Solvent penetrates into the solid.

3. Solute dissolves from the solid into the solvent.

4. Solute diffuses to surface of the solid.

5. Solute is transferred to bulk solution.

These steps are represented as a diagram in the following Fig.8:

BN

215

solid

pores.

solute

Figure 8: steps in leaching [80].

The first step of leaching, that is, the transfer of the solvent from bulk
solution to the surface of the solid takes place rapidly. The rate controlling
process is the diffusion of the solvent into the solid. This varies and it depends

on the structure of the solid feed.
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5.2 Diffusion

Chicken feathers are heterogenous structures. The feather fiber has a semi-
crystalline nature and the particle size of the feathers used for leaaching are
highly non-uniform. This makes the penetration of the solvent into chicken
feathers tough and leads to irregularities in diffusion. The diffusion process is
very slow when biological systems are involved, since they have complex mem-

branes and cell structures[83].

5.2.1 Fick’s Law

The phenomenon of diffusion is explained by Fick’s law[80, 83].
The rate of mass transfer of a solute B which is dissolved to a solution of

volume V is given by:

Np = K A(Cps — Cp) (1)

where,

Np= Kgmol of B dissolving to the solution

A — Surface area of particles (m?)

K= Mass transfer co-efficient (m/sec)

Cps= Saturation solubility of the solute B in the solution in Kgmol/m3
Cp = Concentration of B in the solution at time t seconds in Kgmol/m?
The rate of accumilation of B in the solution is equal to the dissolving flux:

VdcC
7 B — Ny = K, A(Cgs — Cp) (2)
Integrating from t=0 and Cg= Cpq to t=t and Cg=Cg
c t
B d KrA
/ Cp_ _Ki / dt (3)
Cpo OBs —CB Vo Jizo
Cps — Cg K A

Crs —Cmo exp(———1) (4)

The solution approaches saturated condition exponentially.
Effective diffusivities in solids depends on molecular forces, solubility, cell

structure, volume fraction, concentration and temperature.
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5.3 Methods of leaching

The method of contacting solids with solvent is either by percolation of solvent
through a bed of solids (or) by immersion of the solid in the solvent followed
by agitation of the mixture. When percolation is used, either a stage wise or
a differential contacting device is appropriate. When immersion is used, coun-
tercurrent multistage operation is commonly followed. Thus, the equipments
used to conduct leaching can be under batch, semi-continuous or continuous
operating conditions.

When the solids to be leached are in the form of fine particles (smaller than
0.1 mm in diameter), then batch leaching is followed. The process is conducted
in an agitated vessel. The leaching process in a one stage batch reactor is shown

in the following diagram:

Solid-feed 'S’ Overflow
Insoluble 'A' Liquid
Solute 'B B,C

i

Mixer-Settler

Solvent 'C'

Underflow
~
~
Liguid Solid
B.C A

Figure 9: Components of solid-liquid extraction in a batch reactor

The components of a leaching system are highlighted in the above figure.
The effluents are a key component and play an important part in leaching.
They are:

e Overflow - it is the solid-free liquid.
e Underflow - it is the wet solids (or) slurry stream.

When the solids to be leached are too coarse, percolation techniques are used.

Here, the solids which need to be leached are dumped into a vessel and then a
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solvent is added for percolation through the bed of solids. In order to achieve
a high concentration of solute in the solvent, a series of vessels is arranged in
a multi-batch, countercurrent leaching technique. An example is the Shank’s
extraction battery.

When leaching is carried out on a large scale, it is preferable to use an ex-
traction device that operates with continuous flow of both solids and liquid.
Examples of such continuous extractors are: Bollman extractor, Rotocel extrac-
tor and continuous perforated belt extractors.

When, there is a need to reduce the concentration of the solute in the liquid
portion of the underflow, leaching is carried out in countercurrent type of extrac-
tion. The Fig.10 depicts the processes involved in a multi-stage countercurrent

extraction.

Leaching solvent

Overflow 4‘5
Overflow

a

Salid feed ~ Overflow
prallL

w

Washed solids

conc. Underflow
solution 1

Underflow

Underflow

Figure 10: Multi-stage countercurrent extraction[84].

When the leaching rate is slow, several countercurrent stages may be em-
ployed. It is therefore called as multi-stage countercurrent extraction. In this
system, the solid feed and the solvent are fed in opposite directions. The sep-
arated solids and liquid move countercurrently to adjacent stages. The solvent
phase (or) extract becomes increasingly concentrated as it contacts solid feed,
in a stage wise manner. Also, the raffinate becomes less concentrated in soluble
material as it moves toward the fresh solvent phase. Using this principle, it is
theoritically possible to reduce the solute contact of the raffinate by increasing

the number of the stages/contact.
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6 Mechanical properties of fibers

6.1 Introduction to tensile testing

Any material which is to be used in structural applications requires it’s me-
chanical properties to be tested. By doing so, the properties of materials used
can be determined and it enables in the selection of appropriate materials. The
properties of materials reported in various handbooks are the results of such
tests. One of such tests is the tensile test.

It is the most fundamental type of mechanical test that can be performed on a
material . The tensile test measures the resistance of a material to a static (or)
slowly applied force. The forces includes a pulling (or) stretching force (Force
= F, called Load). The amount of force required to break a material and the
amount it extends before breaking are measured through this test and it

constitutes the mechanical properties of the test object[85].

6.2 Terms involved

Breakage (or) failure of a sample can occur either due to excessive stress (or)
excessive deformation. For most materials the initial resistance to force and the
point of permanent deformation are obtained from the plots of force against

elongation (or) stress-strain curve[2].

stress(o) = AE (5)
0

strain(e) = ! ; o (6)
0

where,

F = force applied

Ay = original cross-sectional area of the specimen.
lo= original distance between the gauge marks.

1 = distance between the gaugemarks after force is applied.
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An example of a typical stress-strain curve is shown below in Fig.11:

. Strain Hardening , Necking

/

Ultimate strength ~

Stress

Fracture
~ Yield strength
Stress

strain
Young's modulus = slope

Strain

Figure 11: Example of stress-strain curve

Analysis of stress-strain curves can predict the behavior of a test material
under a certain force. There are many testing machines to conduct this analysis.
The most common are the universal testing machines, which test materials in
tension, compression (or) bending[86]. A stress-strain diagram is created which
can be used to calculate yield strength, Young’s modulus, tensile strength and

total elongation.

e The stress applied to the material at which plastic deformation becomes
noticeable is called as the yield strength of that material.

e The Young’s modulus or the modulus of elasticity (E) is the slope of the
stress-strain curve in the elastic region. This relationship is the hook’s
law|[2].

p=2
g

(7)

e Tensile strength is the maximum load which a specimen can bear during

the test. It may or may not equate to the strength at failure.

e Elongation (%) The extent of stretching which a material can withstand

without breaking is measured here.
) ly — 1o
%elongation = X 100 (8)
0

where,
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lo= initial distance between gauge marks.

lg= distance between gauge marks after the sample breaks.

6.3 Single fiber tensile testing

Single fiber tensile test is most widely applied method for measuring the tensile
properties of individual fibers. In this method, single fibers are mounted on
special slotted tabs and loaded on tensile testing machine where stress is applied
on the samples[88]. Tensile strength, young’s modulus and failure strain of single
fibers are determined through this method. A diagrammatic representation is

shown in Fig.12.

Single Fibre
m > m_) m% : | ? Tensile test.

Diameter Loadi Cutting of the sides
Testing oading of the cardboard

Figure 12: Diagrammatic representation of single fiber tensile testing[87].

The cross-sectional area (A) of the specimen is measured before the test.
After the specimen is mounted on the test machine, the center section of the
tab is cut away to allow for fiber elongation. ASTM D3379-75 is the standard
test method for single fiber tensile testing[88]. The strength of the fiber is

measured by :

Pmaa:

. ©)

O'fZ

where,

Piax— maximum load
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A = cross-sectional area

By measuring the slope of the linear portion of the stress-strain curve, the
Young’s modulus is calculated.

6.4 Weakest link theory

In the earlier sections, it was mentioned that the cross-section (or) diameter (d)
of a single fiber is measured before tensile testing. The natural fibers do not
have constant diameter throughout it’s length. This may lead to discrepancies
predicting the tensile strength of the material. It was proposed by Griffith that
the fracture of a specimen begins at it’s flaw center and the propagation of this
crack leads to the fracture of that material. The weakest point in a fiber could
be its flaw center. It could also have a very small diameter. If this weakest point
reaches its breaking limit, then the entire fiber breaks. Also, there is a length
correlation. The longer the fiber the more likely it is to have a severe flaw and
will therefore will be weaker. This concept is known as weakest link theory[89].

6.5 Weibull distribution

If the strength of fibers need to be modelled accurately, then the distribution of
fiber strengths needs to be included in the model too. Weibull distribution is
used for this purpose. It describes the failure rate and wearing out of materials.
It is named after a Swedish physicist, W. Weibull. Based on the weakest-link
theory, the Weibull distribution is widely used to describe the tensile strength
of synthetic fiber materials.

It is expressed by the formula:

T — Ty

)" (10)

Py =1 — exp[—n( -

where xg is the characteristic strength of a unit length for which the
probability of failure is 0.632(1 — exp(—1)), also known as the scale parameter.
w is the shape parameter or Weibull modulus and z,is the lowest value for

strength and is often set to zero for simplification.

Py (1)is the probability of failure of a fiber of a length L.
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The above mentioned formula can be further simplified as follows:

o w
Ppry =1 — exp[-L(—)"] (11)
0
This is known as the Weibull two parameter cumulative distribution function.

This expression can be further rearranged to produce the following equation:

Inin{1/(1 — Pf)} = wino — winog + InL (12)

By plottinglnin{1/(1 — Py)} versus Inog (this is commonly called as the
weibull plot) a straight line of slope w, is obtained from which oq

(characteristic strength) can be found from the intercept with the x-axis.

Py is obtained by ranking the data points in ascending order and using the

following estimator:

_j—05

P
! n

(13)

where,
n = number of data points

j = rank of the data point.

This estimator is used to give biased results for samples larger than 20.

Using Weibull distribution, values of strength obtained at one gauge length
may be used to determine strength at another length for similar probabilities

of failure using the following equation:

where o (1)is the strength of the fiber at length L1 and o2y is the strength of
a fiber of length L2. This is termed as a weak link scaling equation. Increasing
the length is represented by a shift to the left on a Weibull plot.

Recently, Weibull distribution was also used for the analysis of tensile
properties of natural fibers such as jute, cotton, hemp and flax. Xia et al., [90]
have conducted studies on the breaking strength of jute fibers. Swapan et
al.,[|91] have studied the influence of chemicals on fiber structure and tensile
properties of industrial hemp fibers. The physical and mechanical properties of
cotton fibers were studied by Harzallah et al.,[92]
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7 Experimental

7.1 DMaterials

Raw chicken feathers utilized for this project were procured from Wallace Corpo-
ration’s Waitoa rendering plant. This rendering plant processes approximately
12 % of the North island’s renderable material. Poultry material is separated
out and processed through two lines, one for the feathers and one for poultry
offal. Here, the feathers are rendered into feather meal.

The chemicals used in this project are as follows:

e 15 % Sodium hypochlorite (NaOCl) was used for decontamination (sup-
plied by Univar) of the raw chicken feathers. 1M Sodium hydroxide
(NaOH) was used for pH control during the decontamination process(supplied
by Sigma Aldrich).

e To clean the decontaminated feathers, 30 % Hydrogen peroxide (H30-)
was used(supplied by Univar). It was diluted to 0.15 % and 0.25 % for

the cleaning trails.

e The solvent used for soxhlet extraction was n-Hexane(supplied by Univar).

7.2 Equipments

The equipments used in the project are described below:

7.2.1 Lamort pulper

Feathers were decontaminated using a 30 L Lamort pulper shown in Fig.13.
A flat disc agitator was used to prevent the entangling of feathers around the

agitator.
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Figure 13: Lamort pulper

7.2.2 Boltac mixer

A 6-unit Boltac mixer (shown in Fig.14) was used to conduct the cleaning trails
of chicken feathers. Each unit had a working volume of 1 L and sirring speed

up to 100 rpm. The experiments were conducted without temperature control.

- ~

Figure 14: Boltac mixer

7.3 Soxhlet extraction apparatus

Extraction of soluble impurities from the feather samples were carried out using
soxhlet extraction apparatus. A diagrammatic representation of the soxhlet
extraction apparatus is shown in Fig.15.The components of this apparatus were:
a soxhlet extractor, a water cooled condenser and a round bottom flask of 250
ml capacity. A cellulose extraction thimble of dimensions 33 x 100 mm was used

to hold the samples inside the soxhlet extractor.
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Figure 15: Representation of soxhlet extraction apparatus

The entire apparatus was clamped above a heating element (Thermo scien-
tific).

7.3.1 Instron universal testing machine

Instron 33R4204 universal testing machine was used for single fiber tensile test-
ing and a hot wire cutter was used to cut the supporting side of mounting
cardboards. Tensile tesing of the fibers was carried out at a cross-head speed of

0.5mm/min using a 10N load cell. It is shown in the Fig.16 given below.
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a) Fiber sample loaded on Instron Tensile b) A closer look c) After cutting clamp
testing machine support

Figure 16: Instron universal testing machine

7.3.2 Image analysis

Optical microscope

An optical light microscope , Olympus BX60F5, fitted with a Nikon camera
(Digital sight DS-U1) was used for image analysis of the feathers after treatment
and was also used to measure fiber diameter for single fiber tensile testing. The

samples were photographed at 3 magnifications (5X, 10X and 20X).

Scanning electron microscope

A Hitachi S4100 Field Emission Scanning Electron Microscope (FE-SEM)
was used to examine the effect of cleaning on the surface of feather samples and
also to analyze individual fibers obtained from the feathers. The specimens were
coated with platinum and examined at 5Kv accelerating voltage. Magnifications
used were 350x, 800x and 1300x.

7.3.3 Contherm air forced oven

After the finishing decontamination, cleaning and soxhlet extraction , the feath-
ers were dried to constant mass in a contherm air-forced oven at 70°C. The
feathers were fluffed up once a while to assist in quicker evaporation of mois-

ture.
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7.3.4 'Weighing balance

An ATRAX excell weighing balance was used to measure the weight of feather
samples before and after processes like decontamination, cleaning and soxhlet

extraction.

7.4 Experimental design
7.4.1 Kinetics experiments

The rates of impurity extraction of HoO- from decontaminated chicken feather
samples were determined by these experiments. The quantity of n-hexane ex-
tractable content remaining in the treated feather samples were also measured.

In this experiment, the following points were considered:
e Mass of the decontaminated feather samples was kept constant (10 g).

e Mass of solvent was also kept constant (500 ml). HoO» concentration was
varied( 0.15 % and 0.25 %).

e Time for leaching was varied (5,10,20,30,45 and 60 minutes).

e Number of cleaning stages was varied ( 1, 2 and 3).

7.4.2 Equilibrium experiments

The effect of cleaning on varied quantity of decontaminated feather samples was
tested through this experiment. In this experiment, the following points were

considered:

e The quantity and concentration of the solvent (H2O) was kept constant
(500ml and 0.25 % respectively).

e Time of leaching was fixed for 10 minutes.
e The quantity of decontaminated feather samples was varied. It ranged
from 4 g to 17 g.
7.4.3 Single fiber tensile testing

This experiment was conducted to know the effect of HoOsusage for different

time intervals on the mechanical strength of the fibers.

e Fibers treated with 0.25 % H20O» were used for Tensile testing.
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e The tensile test of fibers treated for 10 minutes ( 1 stage & 3 stage clean-
ing) and fibers treated for 60 minutes (1 stage & 3 stage cleaning) were

compared. Fibers from decontaminated feathers were used as a control.

e Weibull analysis was done to predict the failure of the fibers.

7.5 Methods

7.5.1 Decontamination

Raw chicken feathers obtained from the rendering plant was collected in 10 L
air-tight plastic buckets and kept in cold-storage room until decontamination.
Raw feathers were decontaminated within 1 day.

The Lamort pulper was filled with 25 L water and 2.5 kg raw feathers. The
pH of the suspension was tested using Litmus paper. To adjust the pH at 10.0,
1M NaOH was added. After the pH stabilized, 250 ml of 15 % NaOCI was
added. The suspension was agitated at 10 Hz for a duration of 30 minutes. The
liquid phase was drained over a 1mm mesh filter. The decontamination step was
repeated once again. The decontaminated feathers were rinsed in 25 L water
to remove residual NaOCl. The wet feathers were dried to constant mass in a

contherm air-forced oven at 70°C. This process is summarized in Fig.17.

ﬁ —¥ [ ¥ -"'F’Egi — ﬁg
2.5Kg 25 L water Agitation Filtration After stage 2
raw + 10 Hz and 1mm drying in
feathers 250 ml NaOH 30 min. mesh filter hot ai

(1[\.1, 10 pH) T ot alr oven
for stage 2

decontamination

Figure 17: Representation of decontamination process

The feathers were fluffed up once a while to assist in quicker evaporation of

moisture. Dried feathers were packed in zip-lock plastic bags and labeled.
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7.5.2 Cleaning

10 grams of decontaminated feathers were agitated in the Boltac mixer at 60 rpm
in 500 ml of hydrogen peroxide. The experiment was carried out to understand
the kinetics of the cleaning process of decontaminated feathers.

Six different durations were considered for the cleaning process. These were,
5 minutes, 10 minutes, 20 minutes, 30 minutes, 45 minutes and 60 minutes.

One stage, two stage and three stage cleaning were carried out separately
for each of the above mentioned duration of cleaning.

Hydrogen peroxide concentrations of 0.15 % and 0.25 % were used for clean-
ing process. The feather samples were rinsed in 500 ml of water after every
stage of cleaning to remove residual HoO5. The process is summarized in the
Fig.18.

Decontaminated feathers

added to -
1
500ml (0.15 %/ 0.25 %) H202
<
v for
Agitation [ 5, 10, 20, 30, 45 stage 2
and 60 minutes] and
\]/ stage 3
cleaning
Filtration of feathers.
1 mm mesh filter

J

Drying in hot air oven

Figure 18: Flowchart of cleaning process

The wet feathers were dried to constant mass in a contherm air-forced oven at
70°C. The feathers were fluffed up once a while to assist in quicker evaporation
of moisture. The dried feathers were packed in zip-lock plastic bags and labeled.
The weights of the cleaned/dried feathers were measured and the difference in

weight before and after cleaning was calculated.
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7.5.3 Analysis of soluble impurities

Soxhlet extraction was used to analyze the content of soluble impurities from
every sample of cleaned feathers. The solvent used in this process was n-Hexane.
The extraction was carried out overnight and the feather samples were collected
from the soxhlet extractor on the next day. The feathers were dried to constant
mass in a contherm air-forced oven at 70°C. The dried feathers were packed
in zip-lock plastic bags and labeled. Their weights were measured and the
difference in weights before and after soxhlet extraction were measured. The
solvent n-Hexane was recovered through the process of distillation.

7.5.4 Equilibrium experiments

Equilibrium experiments were carried out in 6-unit Boltac mixer at 60 rpm.
500 ml of 0.25 % Hydrogen peroxide was used as a solvent. The quantity of
the chicken feathers tested ranged from 4 grams to 20 grams. A duration of 10
minutes was used for the cleaning and using only one stage. The solvents were
filtered using a 1 mm mesh hand held filter. The feather samples were then dried
to constant mass in a contherm air-forced dryer at 70°C . The feather samples
were fluffed once in a while to assist in quicker evaporation of moisture. After
the samples were dried, they were packed in zip-lock plastic bags and labeled.
Then, the samples were subjected to soxhlet extraction to analyze the quantity

of soluble impurities in each of the cleaned feather samples.

7.5.5 Separation of fibers from feathers

Separation of fibers from feathers (Barbs were removed from the rachis of the
feathers) of each sample was done manually using scissors. The fibers were

packed in Zip-lock plastic bags and labeled. The fibers are shown in the Fig.19.
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Figure 19: Fibers after separation from feathers

7.5.6 Single fiber tensile testing

The tensile strength of single feather fibers were measured according to ASTM
D3379-75 standard test method for tensile strength and Young’s modulus for
single filament materials. The fibers were separated manually by hand and the
single fibers were attached to cardboard mounting cards using a Poly Vinyl Ac-
etate glue. A gauge length of 5bmm was selected. The diameter of the fibers were
measured at three different points along each fiber using an optical microscope.
The average diameter of each fiber was calculated and it was considered as the
fiber’s diameter. The fibers mounted on the cardboards were placed in the grips
of an Instron universal testing machine and a hot wire cutter was used to cut
the supporting side of the mounting cardboards. Tensile testing of the fibers
was carried out at a cross-head speed of 0.5 mm/min using a 10N load cell. 24
specimens were used for each sample. The shape of the fibers were assumed
to be cylindrical. Bluehill 2 software was used for the calculation of Tensile
strength and Young’s modulus.
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8 Results and Discussions

8.1 Kinetics experiments
8.1.1 0.15 % Hydrogen Peroxide cleaning

500 ml of the solvent (0.15% hydrogen peroxide) was used to leach impurites
from 10 grams of feathers. This suspension was agitated in a six-unit Boltac
mixer at 60 rpm for different time intervals. The feathers were dried and their
weights were measured to estimate the percentage of impurities leached during
this process. The weight loss percentage was plotted against time intervals of

treatment (in minutes) as shown in Figure 20.
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Figure 20: Leaching of impurities from feather samples treated with 0.15 %
H2OQ.

One, two and three stage leaching were carried out separately and the re-
sults are included in Figure 8.1. It can be seen from this figure that the average
impurity removal per stage ranges from 4 to 6 %. Majority of the mass loss oc-
cured within the first 10 minutes. Weight loss results after 10 minutes remained

mostly unchanged.
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8.1.2 Impurity evaluation

To further clarify the extent of impurity removal, the hexane extractable content
of the cleaned feathers were evaluated using soxhlet extraction. The impurities
were expressed as n-Hexane extractable content (%) and were plotted against
each sample’s treatment time as shown in Figure 21.
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o6 ¢ Stage 2
= —— Logarithmic (Stage 2)
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Figure 21: Hexane extractable content from feather samples treated with 0.15

% H20s.

In the Fig.21, the zero minute values correspond to the hexane extractable
content of decontaminated feathers (these are unwashed feathers). They had
the highest HEC content of 10 %. It can be seen from the graph that there is
a gradual reduction of HEC content as more stages were used. It can also be
seen that there is no significant reduction in HEC after 10 minutes. This would
suggest that 10 minute cleaning is sufficient for cleaning feathers when using
0.15% H50> solutions.

8.1.3 0.25 % Hydrogen peroxide cleaning

500 ml of the solvent (0.25% hydrogen peroxide) was used to leach out impurites
from 10 grams of feathers. Weight loss percentage was plotted against time
intervals of treatment (in minutes). one, two and three stage leaching were

carried out separately and the results are included in Figure 22.
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Figure 22: Leaching of impurities from feather samples treated with 0.15 %
H>0,

From Fig.22 it can be seen that using a stronger solution did not significantly
change the % weight loss. However, equilibrium was not reached until about 20
minutes. Also, considering all 3 stages, a plateau in mass loss was not observed

with the 60 minutes samples used for testing.

8.1.4 Impurity evaluation

The analysis of soluble impurities in the feather samples cleaned with 0.25 %
H20, were carried out using Soxhlet extraction. Hexane extractable content

(%) was plotted against each sample’s treatment time. It is shown in Figure 23.
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Figure 23: Hexane extractable content from feather samples treated with 0.25

As before, the zero minute values correspond to the decontaminated samples.
It can be seen from the graph that there is a gradual reduction of HEC
content as the stages increase. A sharp drop of values is clearly observed for 5
minute and 10 minute treated samples after which the HEC % plateaus. The
values of HEC % obtained in this experiment is lower than that of the 0.15 %
H,O4samples. Also, there is a clear difference in values obtained from the
three stages of cleaning. From these results, it can be concluded that 0.25 %
H,Ostreatment for feather samples is more effective than 0.15 %
H,Ostreatment for feather samples. Hydrogen peroxide treatment of more
than 0.25 % was not tried, as previous studies conducted by Tseng,F-C.J[5];
revealed that the cleaning efficiency levelled off after 0.25 % hydrogen peroxide

treatment of feathers.

From the above discussed results, it can be infered that 10 minutes treatment
of feathers in 0.25 % HyOsis effective for removing impurities. There is no
significant increase in the efficiency of leaching after 10 minutes. Also, a 3
stage process is better at leaching of soluble impurities from the feather

samples. However, there are variations in the values obtained. The variations
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are due to the biological nature of the chicken feathers. The feathers are
harvested from many birds which are of diverse age groups and differ in

amounts of Lipids and preen oils in their feathers.

8.2 Equilibrium experiments

Different amounts of decontaminated feather samples were leached once for 10
min in 500 ml of solvent (H2Os). They were filtered and dried to constant mass
and the difference in their weights were measured. The Wt.loss (gram lipids)
for each sample per 500 ml was noted. These values (gram lipids) were later
converted to milligram lipids per ml of the solvent. The impurities extracted
by the solvent for different quantities of feather samples were calculated. The

results are shown in Fig.24

fix) = -0.9854In(x)+4.7150

15

mg lipids/ml solvent

0.5

2 4 & 8 o 12 14 16 18

wt. of feather samples (grams)

Figure 24: Quantity of lipids removed from one stage leaching for 10 minutes.

It can be seen that the quantity of the lipids extracted by the solvent de-
creased as the ratio of solid feed to solvent increased. Due to the biological
nature of the feathers, the results were highly variable and a clear trend was

absent. Processing could also have affected this, such as non-ideal mixing. Also,
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any large quantities of feather could have required larger equilibrium.

To know the quantity of impurities remaining on the feather samples after
treatment, soxhlet extraction of the leached samples was conducted. From each
sample 2.5 g of feathers were used for the soxhlet extraction process. The weight
loss was calculated after soxhlet extraction and was noted as gram lipids/2.5 g

feathers.The results are shown in the Fig.25.

(%) = 0.1165In(x)-0.1067
Rz = 0.866

0.25

0.2
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2 2 6 8 10 12 14 16 18

Wt of feather samples

Figure 25: Quantity of Lipids remaining on the feather samples after leaching.

It can be seen from the Fig.7.6 that the quantity of lipids extracted by soxhlet
extraction increased as the ratio of solid feed to solvent increased. This showed
that the treated samples whose solid feed to solvent ratio was high had higher
amount of lipids on its surface. These values supported earlier observations from
Fig.24.

The values obtained are highly variable. A trend line was fitted and to make
the calculations easier, the values on the trend line were considered. It is shown
in Fig.26.
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f(x) = 0.1165 Infx) - 0.1068
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Figure 26: Quantity of lipids remaining on the feathers after leaching (calcu-
lated).

From this data, total lipids in the feather samples (i.e. lipids left on feathers
after leaching with HyOs) were calculated. Then, the weight of feathers ex-
cluding lipid weights was calculated. This was based on the Soxhlet extractions
with decontaminated feathers which were never washed with HyO4, they had a
lipid content of 10%. From these above mentioned data (total lipids in feather
samples and feather weight) the values of mg lipids/g feather was calculated.
From these values, mg lipids/g solvent can be calculated.This is needed for plot-
ting an equilibrium graph (mg lipids/g feathers vs mg lipids/g solvent). The
discussion of mass balance in all these reactions will be helpful in plotting of

the equilibrium point.
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Mass balance The components involved in leaching are analyzed and repre-

sented as a mass-balance as shown in Fig.27
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Figure 27: Mass balance in leaching of feathers.

Here, in the Fig. 27 the terms represent the following.
F= Fiber dry wt. (Dry fiber + lipids). Units are grams.
I= Dry clean fibers obtained. Units are gram/hr.

S= solvent (grams)

E—= solvent /hr

Z¢ is the lipid content in ’F’ (units are mg lipids/g fiber).
Yy, is the lipid content in the solvent (units are mg lipids/ g solvent).
Xy, is the lipid content after cleaning.

The amount of clean fibers is always constant.

so, I=F.

The amount of solvent exiting the system is constant.
so,E=S.

This relationship is given by the equation:

2y F =Y, E+ X1 (15)

This equation can be further simplified as:

F F
Yo=—Xp+ =2 1
b g b+S t (16)
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This is of the form Y = mz + ¢. Then, g is the slope and g.Zf is the y
intercept. Which implies that when Y; = 0 then,

Xy =Z;.

Substituting the experimental values in the above equations, the following

values shown in Table 4 were obtained:

Table 4: Equilibrium values

] Variables \ Values \
solid feed 10g
Zs 111.11 mg lipid/g fibre
Fibre content (F) 9 g fibre
Solvent (S) 500 g
F/S 0.018
F/S.Z 1.99

These values were plotted with mg lipids/g feathers vs mg lipids/g solvent
to obtain the equilibrium graph shown in Fig.28 :
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Figure 28: Equilibrium graph

It can be seen from Fig.28 and Table 4 that Z¢= 111.11 and the value of
Yy, is 2. This operating line intersects the equilibrium line at 70 mg lipid/g
fibre. This means that the lipids from the feather are not completely removed
and still need further cleaning. It can be seen from the graph that two more
washing stages would remove the lipid contents from the feather fibres.

The Chicken feathers used in the experiments are obtained from a very het-
erogenous population and the lipid content in the feathers vary to a great extent.

Conducting rigorous experiments with very high samples may yield statistically

96



significant results in this regard. This data could be used for modeling of counter

current extraction system for cleaning chicken feather fibers.

8.3 Effect of cleaning on morphology of feathers

Sodium hypochlorite and hydrogen peroxide were used for decontamination and
cleaning. These chemical compounds are very widely used bleaching agents. The
raw feathers obtained from meat processing plant are yellow in colour, clumpy
and greasy. During the process of decontamination and cleaning, they undergo
gradual colour change from yellow to white. There is a change in colour, texture
and structure of the feathers after processing. By observing the morphology of
the feathers, analysis on the extent of cleaning and the effect of cleaning on
feathers can be known. In the following sub-sections, images of treated feather

samples are shown and they are discussed in the sub-section 8.3.6.

8.3.1 Decontaminated feathers

The raw feathers from the meat processing plant are first decontaminated and
dried. Below is an image of decontaminated feathers which are dried and packed.

Decontaminated feathers- Packed and unpacked

Figure 29: Decontaminated feathers.

The decontaminated feathers look pale yellow to yellowish white in colour.
There are characteristic yellow to dark yellow patches at the tips and base of the
feathers. This indicates that the cleaning is not complete. The feathers mostly
stick to one another. However, the decontaminated feathers do not smell bad
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like the raw feathers. It is free from disease causing micro-organisms and is

packed and can be stored for a long time.

8.3.2 0.15% H3Oscleaned feathers

5 min 20 min 30 min 45 min 60 min

Figure 30: 0.15 % H50O4 stage 1 cleaned feathers.

5 min 10 min 20 min 30 min 45 min 60 min

Figure 31: 0.15 % H50 stage 2 cleaned feathers.
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5min 10 min 20 min 30 min 45 min 60 min

Figure 32: 0.15 % H50 stage 3 cleaned feathers.

8.3.3 0.25 % H20; cleaned feathers

5 min 10 min 20 min 30 min 45 min 60 min

Figure 33: 0.25 % H50, stage 1 cleaned feathers.

5 min 10 min 20 min 30 min 45 min 60 min

Figure 34: 0.25 % H50, stage 2 cleaned feathers.
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5 min 10 min 20 min 30 min 45 min 60 min

Figure 35: 0.25 % H>0, stage 3 cleaned feathers.

8.3.4 Microscopic morphology

a) Featherat 10X b)Feather at 20X

Figure 36: Surface of decontaminated feathers.

a) Featherat 10X b) Featherat 20 X

Figure 37: 10 minutes stage 1
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a) Featherat 10 X b} Feather at 20 X

Figure 38: 10 minutes stage 2

a) Feather at 10 X b) Featherat 20 X

Figure 39: 10 minutes stage 3.

a) Feathers at 10 X b) Feathers at 20 X

Figure 40: 60 minutes stage 1
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a) Featherat 10 X b) Featherat 20 X

Figure 41: 60 minutes stage 2

a) Featherat 10X b) Featherat 20 X

Figure 42: 60 minutes stage 3

8.3.5 Electron microscope images

Figure 43: Decontaminated feather sample
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Figure 44: 10 minutes, stage 1.

Figure 46: 10 minutes 3 stage cleaned feather sample.

Figure 47: 60 minutes 1 stage cleaned feather sample.
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Figure 48

Figure 49: 60 minutes 3 stage cleaned feather sample.

8.3.6 Discussion on surface morphology of treated feathers

It can be observed from Fig.30 to Fig 35 that cleaning the decontaminated
feathers with 0.15% and 0.25% H5Os caused the feathers to become whiter
with successive stages of washing. The feathers unfurl as the time and stages
of washing increases. The texture of the feathers is smooth and fluffy after 3
stages of washing. No damage to the feather surface is seen. The Figures 36 to
42 were captured using an optical microscope (Olympus BX60F5), fitted with a
Nikon camera (Digital sight DS-U1). It was observed that the decontaminated
feather had clumpy appearance. Its fiber orientation was very dis-organized.
Its barbules were connected very closely to one another and was clumpy. But,
once the feathers were treated, uniformity in the orientation of the barbs and
barbules were seen. There was increased spacing between the barbules as the
duration and stages of the treatment increased.

A Hitachi S4100 Field Emission Scanning Electron Microscope (FE-SEM)
was used to capture the images shown in Fig. 43 to 49. It can be observed
from these images that the surface of decontaminated feathers had siginificant
amount of impurities which blocked the gaps between the barbules which re-

sulted in clumped feathers. The treated feathers showed gradual reduction in
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the impurities as the duration and stages of treatment increased. No fiber dam-

age was observed in any images.

8.4 Single fiber tensile testing
8.4.1 Single fiber morphology

The effect of hydrogen peroxide treatment on the mechanical properties of single
fibers are discussed below. The barbs were cut off from the rachis of the feathers
using scissors and they were packed and labeled. Single fibers representing each
treatment were selected and their length and diameter were measured. The
single fibers used for the tests ranged from 12 mm to 25 mm in length. Their
diameters ranged from from 120 to 370 micrometers. Measurements were done
using an optical light microscope (Olympus Bx 60 F5) fitted with a Nikon
camera (Digital sight DS-U1). An example is shown below in Fig. 50.
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Figure 50: Fiber surface morphology

The diameter of the fibers is not constant throughout its length. The fiber is
not perfectly cylindrical in shape. It has lot of irregularities along its length, like
the protruding barbules. It can be clearly observed through electron microscope
images, like Fig.51:
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5.0kV 12.9mm x350 SE(M)

Figure 51: A close look at fiber surface morphology

8.4.2 Tensile testing

The single feather fibers were attached to cardboard mounting cards using
polyvinyl acetate (PVA) glue. A gauge length of 5 mm was selected. Tensile
testing of these single feather fibers were done according to ASTM D3379-75
standard test method. The feathers that were treated for 10 minutes (stage 1
and stage 3), 60 minutes (stage 1 and stage 3) and decontaminated ones were
considered for tensile testing. 24 samples for each treatment were tested. Refer
to raw data in appendix.

The tensile stress values of the fibers were plotted against diameter, to ob-
serve their relationship. The 10 minutes stage 1 samples are represented in
Fig.52.
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Figure 52: Tensile stress Vs. Diameter, 10 minutes, stage 1 fibres

It can be observed from the above figure that there seems to be an inverse
relationship between diameter and tensile stress. The lesser the diameter, the
more the tensile stress. The average tensile stress and average diameter of these
samples were found to be 14.08 MPa and 155 um respectively. (Average values
are shown in Table )

The 10 minutes 3 stage samples are represented in Fig.53.
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Figure 53: Tensile stress Vs. Diameter, 10 minutes, stage 3 fibres.

It can be observed that the fibers of this sample had a very wide range of
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diameters. The tensile stress values are very low and seem to be inconsistent,
highest being 28 MPa and many as low as 5 to 6 MPa. The average tensile
stress value is 8.205 MPa and the average diameter is 272.5 um.

In the 60 minutes washed samples (1 stage), shown in Fig.54, there is a clear
trend of Tensile stress and diameter being inversely proportional. Most of the
samples here, have stress values around 10-15 MPa and very few samples have
extreme values. The average tensile stress and diameter values for these fiber
samples are 12.83 MPa and 213 pm.
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Figure 54: Tensile stress Vs. Diameter, 60 minutes , stage 1 fibres.

In the next sample, the 60 min. stage 3 cleaned fibers (as shown in Fig.55)
have a consistent range of diameters and Tensile stress. There are very few

extreme values. Their average tensile stress and diameter values are 16.105
MPa and 164.5 um.

69



40
35
30
25

|
20 . . b Ey o~ .
15 .-
10 n 5

Tensile stress (MPa)

120 140 160 180 200 220 240

Diameter (um)

Figure 55: Tensile stress Vs. Diameter, 60 minutes , stage 3 fibres.

In Fig.56, the decontaminated fiber samples are represented. These samples
too have a very wide range of fiber diameters. The samples having lesser di-
ameters have more tensile strength. Their average tensile stress and diameter
values are 15.63 MPa and 222.5 um.
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Figure 56: Tensile stress Vs. Diameter, Decontaminated fibres.

From the above produced graphs, it can be observed that the fibers having

lesser diameters have better tensile stress than those having higher diameters.
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It suggests an inverse relationship between diameter of the fiber and the tensile
stress. The average values of Tensile strength and diameters of the tested chicken

feather fibers are given in Table 5 below:

Table 5: Average values of Tensile stress and Diameters.

’ Sample ‘ Tensile stress (MPa) ‘ S.D ‘ Diameter pm ‘ S.D ‘
10 min. S1 14.08 5.433 155 28.241
10 min. S3 8.45 13.778 272.5 84.848
60 min. S1 12.835 7.105 213 43.455
60 min. S3 16.105 6.191 164.5 22.569
Decontaminated 15.63 7.556 222.50 57.311

The values of the average tensile stress and Young’s modulus alone does
not give a clear picture on the distribution of fiber strengths.It is inaccurate in

predicting the failure rate and wearing out of fibers, as it relies on mean values.

Weibull statistics can be used to model the strength of the fibers accurately.
Through this method, a characteristic strength of the fiber (o) for which the
probability of failure is 63.2% is calculated.

8.4.3 Weibull statistics

As described in the literature review, a Weibull plot is obtained by plotting
In(In(1/1-Pf)) Vs. In (0¢). The slope obtained through these plots gives a value
"W’. It describes the variability of failure strength of a fiber of length L. In these
experiments, L=5mm (gauge length) which was maintained constant. The x-
intercept obtained from the Weibull plot is the value of Ln(og). From this, the
value of gg,the characteristic strength of the fiber can be derived.

Weibull analysis was carried out for all the samples and its results are se-
quentially shown from Fig.57 to Fig.61. The values of W and (o) are shown in
Table 6.
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Figure 57: Weibull plot: 10 min. stage 1.
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Figure 58: Weibull plot:10 min. stage 3
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Figure 59: Weibull plot : 60 min. stage 1
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Figure 60: Weibull plot : 60 min.stage 3
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Figure 61: Weibull plot: decontaminated sample.

Table 6: Weibull analysis
Treatment | W | go(MPa) |
Decontaminated | 2.83 19.5
10 min x 1 3.18 16.45
60 min x 1 2.58 15.64
10 min x 3 1.72 12.81
60 min x 3 3.16 17.86

From the Table 7.1 it can be seen that the fiber sample which was treated
for 10 minutes 3 stages has a very low "W’ value. A low W’ value indicates
high variability in failure strength.

The expected order of failure strength of the fiber samples were:

Decontaminated>10 min (1stage)>60 min (lstage)>10 min (3 stage)>60
min (3 stage).

There was not much difference in the observed results.

The data suggests that tensile strength of the treated fibers decreases as
the duration and stages of treatment increases. But, big difference in tensile
strength was not observed. The treatments on the fibre did not not cause
significant damage to it.

Chicken feather fibers are very small and difficult to do single fiber tests.
Ouly lengthy fibers (12-25 mm ) were considered for this test so that a gauge
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length of at least 5 mm could be made use of. The tensile stress values of the
fibers were very low, compared to those found in literatures. Considering this
fact, the entire experiment was checked for errors.

The following Fig.62 highlights the error.

Figure 62: Misinterpreted diameter

From Fig. 69 it can be observed that the barbules of the fiber have also
been included during the measurement of diameter of the fiber. The real fiber
diameter is actually % times lesser than the recorded diameter. Such a change
could increase the tensile stress values by nearly 9 times. An example of change

in Tensile stress values due to apparent and real diameter are shown in the Table
7.
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Table 7: Examples of tensile stress corrections
Ap. diameter(um) ‘ True diameter(um) ‘ Ap.tensile stress(MPa) ‘ True tensile stress(MPa) ‘

127 50.8 15.52 41.67
146 73 25.19 178.85
112 61 23.84 69.55
185 74 9.01 105.55
180 90 8.8 144.5
129 86 18.93 145.68
140 70 13.59 81.63
202 101 7.42 193.17
140 46.66 14.52 38.73
140 70 13.64 81.9

The correction in diameter was done by analysis of the microscope images
which were originally used for measuring the diameter. The values shown in
table 7 belong to the 10 minutes 1 stage washed samples. These types of errors
need to be corrected to obtain accurate values for modelling the strength of
fibers.
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9 Conclusions

The raw feathers collected from Wallace corporation were decontaminated us-
ing sodium hypochlorite. The decontaminated feathers contained about 10 %
Hexane extractable content. The decontaminated feathers were cleaned using
hydrogen peroxide. 0.25 % H202 was found to give cleaner feathers than 0.15
% Ho 0.

Kinetics experiments revealed that 10 minutes cleaning for 3 stages is the most
effective approach. The Hexane extractable content was brought down to 4%
from 10 % after using this method. There was not much decrease in Hexane

extractable content after this treatment.

The solid feed to solvent ratio used for the cleaning trial was 10g feather per
500 ml of solvent. A mass balance showing lipid transfer was designed.
Analyzing the data from equilibrium experiments and applying mass balance,
a graphical representation of equilibrium condition was presented. It suggests
that 3 stages of cleaning is sufficient to remove majority of the lipids from the
feather fibers, considering the 10 g feather per 500 ml solvent. This graph can
be used to predict the lipid content removed by leaching under different

conditions.

The H,O- treated feathers looked fluffy in texture and white in color. The foul
odor present in the raw feathers was also eliminated through cleaning process.
Each stage of cleaning produced feathers of increasing whiteness and resulted
in better spreading of the sub-structures of the feathers. The stickiness of the

feathers was absent and it looked fit for use in composite materials.

Single fiber tensile test was done to study the effect of hydrogen peroxide
treatment on the fibers. 24 specimens per sample were considered for the test.
The decontaminated fibers had higher values of tensile strength than the
treated fibers. It was found that treatment does affect the mechanical strength
of the fibers, but not by a great extent. The treatment with HoO» did not
damage the fibers.

9.0.4 Recommendation

A few more tests focussing on the tensile strength of the fibers need to be

conducted to know the accurate values. Conducting the leaching experiments

7



on a large scale to check the rate of lipid removal would be informative for

standardizing the cleaning process of chicken feather fibers.
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A Equilibrium data

’ g.F ‘ g Lip/2.5 g.F ‘ new values ‘ Total Fibre | Total lipids(g) ‘ mg Lip/g.F ‘ mg Lip/g solv. ‘

4 0.04 0.054703 3.6 0.087525269 24.3125747 0.624949462
5 0.05 0.0807 4.5 0.161399034 35.86645191 0.677201933
6 0.09 0.10194 5.4 0.244655948 45.30665696 0.71688105
7 0.16 0.119899 6.3 0.335715891 53.28823661 0.728568219
8 0.16 0.135455 7.2 0.433455807 60.20129538 0.733088387
9 0.16 0.149177 8.1 0.537035988 66.30073923 0.725928025
10 0.18 0.161451 9 0.645804653 71.75607259 0.708390693
11 0.17 0.172555 9.9 0.75924117 76.6910219 0.681517766
12 0.2 0.182692 10.8 0.876919799 81.19627764 0.646160403
13 0.18 0.192017 11.7 0.998486321 85.3407118 0.603027358
14 0.21 0.20065 12.6 1.123641002 89.17785729 0.552717996
15 0.19 0.208688 13.5 1.252127091 92.75015486 0.495745819
16 0.21 0.216207 14.4 1.383722151 | 96.091816606 | 0.432555697
17 0.2 0.223269 15.3 1.518231611 99.23082426 0.363536778
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B Tensile test data

B.1 10 minutes stage 1

’ Diameter pum ‘ Tensile stress (MPa) ‘ Youngs modulus(MPa) ‘ Strain ‘

129 15.52 397.24 0.40
181 8.91 604.10 0.74
220 10.81 285.41 0.844
146 25.19 672.92 1.155
112 23.84 896.88 0.835
185 9.011 561.842 0.66185
180 8.809 440.49 0.702
129 18.938 825.845 0.868
163 16.489 552.370 0.734
140 13.599 723.461 0.769
140 13.645 994.4125 0.538
123 26.036 752.867 1.12
202 7.425 312.707 0.667
140 14.525 684.950 0.650
152 16.423 484.060 0.843
202 8.782 220.857 0.793
140 19.843 675.342 0.926
202 9.032 266.60 0.684
163 12.974 506.456 0.626
158 16.787 1100.725 0.530
158 8.927 688.232 0.654
163 19.389 455.962 1.041
146 13.296 403.176 0.971
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B.2 10 minutes stage 3

Diameter pum | Tensile stress (MPa) ‘ Youngs modulus(MPa) ‘ Strain ‘

220 10.812 285.411 0.844
146 25.192 672.92 1.155
112 23.842 896.886 0.835
185 9.011 561.842 0.661
180 8.809 440.490 0.702
142 16.469 579.393 0.546
129 18.938 825.845 0.868
163 16.489 552.370 0.734
140 13.599 723.46 0.769
163 10.282 485.70 0.576
304 7.790 325.082 0.790
332 9.488 383.291 0.545
343 6.59 408.96 0.462
180 18.43 713.21 0.760
264 9.37 308.481 0.755
354 10.412 282.23 1.079
349 5.919 252.602 0.558
202 12.535 575.27 0.811
332 6.210 302.7213 0.484
366 8.897 293.342 0.844
281 13.118 485.66 0.729
304 8.781 323.818 0.592
157 6.008 519.445 0.240
123 6.9784 1117.384 0.146
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B.3 60 minutes stage 1

Diameter pum | Tensile stress (MPa) ‘ Youngs modulus(MPa) ‘ Strain ‘

180 9.919 737.86 0.401
200 8.59 326.802 0.803
191 14.423 525.38 0.966
208 8.834 349.202 0.488
146 14.47 842.308 0.476
213 13.331 292.2503 1.099
265 5.988 303.334 0.603
135 25.730 649.734 0.765
247 8.59 272.669 0.610
213 14.530 371.08 0.783
304 9.622 157.587 0.958
219 12.955 312.638 0.856
146 25.737 936.92 0.928
236 10.890 473.106 0.818
236 12.968 377.934 0.733
281 4.169 269.659 0.404
191 19.110 403.551 0.739
191 17.428 511.252 0.707
197 13.785 595.93 0.754
225 12.080 674.32 0.758
225 10.960 510.98 0.536
219 11.446 495.24 0.597
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B.4 60 minutes stage 3

Diameter pum | Tensile stress (MPa) ‘ Youngs modulus(MPa) ‘ Strain ‘

126 37.05 858.42 0.644
143 10.260 503.611 0.564
174 9.675 377.57 0.746
233 5.817 333.031 0.6716
157 17.087 667.608 0.660
173 11.689 500.94 0.684
155 16.464 976.289 0.551
189.19 7.849 447.635 0.529
157.65 19.24 1042.49 0.606
188.18 3.567 899.91 0.5233
171.89 20.60 721.801 1.016
183.83 19.623 754.379 0.520
161.03 14.04 770.96 0.61959
152.02 12.693 461.589 0.7035
169.6 15.260 748.633 0.6567
175.54 19.697 589.764 0.9643
163.28 20.706 593.66 0.861
152.02 14.708 596.600 0.8075
180.8 17.865 563.769 0.900
164.15 20.177 699.667 0.844
146.39 15.919 813.405 0.653
174.54 9.369 589.067 0.479
202.7 16.309 651.14 0.8039

92



B.5 Decontaminated

Diameter pm | Tensile stress (MPa) ‘ Youngs modulus(MPa) ‘ Strain ‘

152 35.29 327.23 1.019
143 33.15 251.51 0.914
128 25.80 1055.50 0.672
206 19.29 172.89 0.8518
236 15.233 163.243 0.926
312 14.339 168.917 0.7982
175 27.606 177.97 1.181
197 22.630 154.77 1.096
232 13.65 158.06 0.87
207 9.69 60.86 0.993
213 11.33 126 0.824
218 17.225 143.27 0.955
194 16.035 158.621 0.702
227 13.598 140.70 0.831
306 9.604 77.519 0.898
201 20.85 197.67 0.935
179 25.98 229.86 1.019
321 10.31 116.146 0.861
179 17.594 181.463 0.945
321 6.316 75.044 0.693
233 16.107 95.318 1.035
360 13.540 181.621 0.705
256 12.840 111.94 0.871
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