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ABSTRACT

The wide range of applications, the industrial processing techniques and storage of
collagenous materials expose them to a variety of environmental conditions such as
temperature, humidity and solar ultraviolet (UV) radiations. In this study, a freshly flayed
hide from a mature Boran bovine was prepared to pickling stage using conventional tanning
processes. The hide was then cut into two halves along the backbone. One half was left at
pickled stage while the other half was tanned using Chromium Sulphate. Suitably cut
specimens from each pelt in parallel and perpendicular to the backline were then taken to
determine their tensile properties using Instron Testing Machine, Model 1101. Effect of
direction of sampling, pickling and chrome tanning on the tensile properties was
determined. Other suitable samples were exposed to solar radiation for a duration of 0-24
hours and artificial Ultraviolet radiation for 0-30 hours to determine their effects on
viscoelastic properties. The samples were conditioned in a standard atmosphere prior to
Dynamic Mechanical Analysis. Effects of oscillation frequency and temperature were also
determined. Results showed that chrome-tanning significantly increased tensile strength
(p=0.0344), storage modulus (E"), complex and dynamic viscosity (1), shear stress (c) and
thermal stability at all frequencies and temperatures. However, it decreased the percentage
elongation, loss modulus, tan 8, and shear strain. Hence tanning makes molecular chains
difficult to slide over each other when shearing forces are applied. Tanned hide showed
stabilized trend in the changes of their viscoelastic properties. Hence, tanning stabilizes
leather structure. Bovine hide showed dispersion phenomenon with frequency of 30 Hz
probably its natural frequency. Solar radiation decreased storage modulus but as the
duration of irradiation increased, the modulus started to increase gradually. Both tan 6 and
thermal stability decreased progressively with both solar and artificial radiations. Hence
sun-drying during tanning can be discouraged especially for strong and stiff leather. Tensile
properties showed that Boran bovine hide meets the international UN standards for leather.

The study recommends rearing of Boran bovine breed.

Vi
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CHAPTER ONE
INTRODUCTION

1.1 Background Information

Boran cattle breed are among the predominant indigenous breeds in most African
countries (Ojango et al., 2006). It’s estimated that 70% of the Kenyan meat production and
hence leather comes from Arid and Semi-Arid Lands, whose major adapted cattle breed is
indigenous Boran (DAGRIS, 2006; Ojango et al., 2006; Mwinyihija, 2010; Haile et al.,
2011). This breed has outstanding adaptive traits that make it survive in this hostile area
such as dark pigmentation and black points which protect it against sunburns of the hot
Arid and Semi-Arid Lands (ASALSs) (Haile-Mariam, 1994; Oklahoma State Education,
2012). Its smooth, loose but motile and shiny coat/skin is another trait associated with the
ability to reflect away a high proportion of the solar radiation (Robertshaw and Finch,
1976). Their reasonably large body, thick skin and well-marbled beef with even fat cover
make this breed a promising source of beef and hide for production of leather. According
to research done by Food and Agricultural Organization (FAQO), animal by-products such
as hides, skins, leather and leather by-products have potential to generate more revenue
percentage compared to the beef itself (FAO, 2010; Haile et al., 2011).

Importance of cattle hides to the economy is immense since it offers employment
opportunities, a source of livelihood for pastoralist communities, and a raw material for
various industries and contributes more than 4% of the annual national Gross Domestic
Products (GDP). Furthermore, these raw materials sustain vast number of industries such
as tanning, clothing, fashion, footwear, medicine, engineering, food, automotive and sports
(Tuckermann et al., 2001, Sturrock et al., 2004). During the processing of leather, all non-
collagenous components such as epidermis, fats, hairs, and flesh are discarded except
dermal layer, which undergo the pickling and tanning processes (Tuckermann et al, 2001).
The main component of this dermal layer is collagen, a fibrous natural biopolymer, of
peptide class (Liu et al, 2006; Xing et al, 2011). Although there are several types of
collagens, type | forms the major type present in bovine hide, whose diverse applications
are attributed to its versatile properties such as high strength, ability to undergo chemical

modification such as tanning, gelatization and chromophoric nature (Lee et al., 2001; Xing



etal., 2011; Annumary et al., 2013).

Solar and UV radiations have been shown to alter the physical, mechanical and
chemical structure of collagen-based materials (Menter et al., 2001; Jariashvili et al.,
2012). These radiations cause photopolymerization in the teleopeptide regions of the
collagen molecule and some energy causes local heating (Fujimori, 1989; Afaq et al., 2005;
Rabotyagova et al., 2008; Ninh et al., 2014). The absorption of these UV radiation is
enhanced by the presence of tyrosine and phenylalanine amino acids in the collagen
molecule (Fathima et al., 2007). This alters its structure through crosslinks and molecular
chain scissions hence mechanical properties (Weadock et al., 1995; Kato et al., 1999;
Sionkowska et al., 2006; Fathima et al., 2007; Jariashvili et al., 2012).

Therefore the industrial tanning processes, the range application fields and storage
conditions of the leather have a significant effect on the quality of this hide. The processes
include solar radiations during sun drying, chrome tanning, high temperatures and
accelerated ultraviolet radiations (Larsen, 2000; Thomson, 2002; Metreveli et al., 2010).

Significant researches have been done on tensile properties of camel skins, kangaroo,
sheep and goats (Wang and Attenburrow, 1989; Snyman and Jackson-Moss, 2000; Salehi
et al., 2013; Samia, 2014). Other studies have characterized collagen on the basis of their
viscoelastic properties (Jeyapalina et al., 2007; Chaudhry et al., 2009; Ershad-Langroudi
et al., 2012). A number of studies have characterized the influence of UV irradiation on
collagenous materials (Miles et al., 2000; Metreveli et al., 2010; Jariashvili et al., 2012;
Sionkowska et al., 2013). Effects of key leather making processes on the physical and
mechanical properties have been documented (Valeika et al, 2010). A documented research
done on Boran Bovine involved enhancing their production (Ojango et al, 2006). However,
there was no documented work done on the effect of both solar radiation and artificial UV
radiation on the viscoelastic properties of indigenous bovine hides. Therefore, this study
investigated the tensile properties of both pickled and tanned hide of Kenyan indigenous
Boran hide, effect of solar radiation and artificial ultraviolet radiation on their viscoelastic
properties and thermal stability.

1.2 Statement of the Problem
Bovine hide is an important by-product of the meat industry. It is the main raw material

for the production of leather and other related diverse products in bioengineering and food
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processing. These applications of hide are determined by the mechanical properties of the
hide such as viscoelastic and tensile properties. These properties depend on the animal
breed, age, origin, living conditions, nutrition and other environmental factors. In addition,
the industrial processing of hide into finished leather products and the use of the products
exposes them to harsh environmental factors such as electromagnetic radiations, solar
radiations, heat, humidity, and mechanical stress and strain. Manufacturers and designers
of leather products need information about these properties and how they are affected by
various environmental conditions in order to produce high quality products and hence meet
the demands of the consumers. Although some of these properties of hide have been
investigated, the tensile properties of Kenyan indigenous breeds and the effect of various
environmental factors have not been investigated. This study focused on the effect of
tanning, solar radiations and artificial UV radiations on the tensile and viscoelastic
properties of a mature indigenous Boran bovine hide. Tensile strength, tear strength,
percentage elongation, storage and loss moduli, dynamic viscosity and thermal stability of
hide are critical parameters for assessing the quality of hide and by extension leather. These
parameters and the effect of tanning and direction of sampling and UV and solar irradiation

on them were investigated.
1.3 Objectives
1.3.1 General Objective

To investigate the effect of tanning, solar radiations and artificial UV radiations on the

tensile and viscoelastic properties of Kenyan indigenous Boran bovine hide.
1.3.2 Specific Objectives

i) To determine the effect of direction of sampling and tanning on the tensile strength,
tear strength and percentage elongation of bovine hide.

i) To investigate the effect of tanning and terrestrial solar radiation on the viscoelasticity
and thermal stability of bovine hide.

iii) To investigate the effect of tanning and artificial UV radiation on viscoelasticity of
bovine hide.



1.4 Hypotheses (Ho)

i) Direction of sampling and tanning and have no significant effect on the tensile properties
of bovine hide.

i) Tanning and terrestrial solar radiation have no effect on the viscoelastic properties and
thermal stability of bovine hide.

iii) Tanning and artificial UV radiation have no effect on the storage modulus, tan delta

and dynamic viscosity of bovine hide.

1.5 Justification for the study

The leather industry offers significant employment opportunities and is a major source
of livelihood to the people of Arid and Semi-Arid Lands (ASALS) in Kenya. Its foreign
exchange earnings contribute approximately 4% of the annual National GDP. However,
currently the performance of the sector is far below its potential due to a number of factors,
which include the relatively low quality of the leather getting to the world market. Leather
quality is affected by factors such as management practices of the cattle and the raw
materials and the leather manufacturing processes such as sun drying and chemical-based
tanning. This study sought to determine the effect of UV radiation, temperature and tanning
on the tensile and viscoelastic properties of bovine hide, which are indicative of its quality.
The findings of this study will inform decisions on management practices of livestock and

the raw material and the leather manufacturing process for quality hides and leather.



CHAPTER TWO
LITERATURE REVIEW

2.1 Animal hides and skins

Animal hide and skin is the largest organ that forms a physical protective barrier on the
living animal body comprising of 4-12% of the live weight of the animal (Ockerman and
Hansen, 2000). Collagen, a polypeptide natural biopolymer, forms about 98% of the
fibrous proteins of this hide and skin (Wenger et al., 2007). Unlike human skin that
develops from cells, animal hide and skin collagen is formed from amino acids which
connect together to form tropocollagen of long chains (Lewis, 1989). A typical raw hide
comprises of not only collagen but also other soluble proteins, mucopolysaccharides,
keratin, elastin, fats and water among others. During the initial of the leather making
processes, most of the non-collagenous materials are removed from the skin, followed by
the addition of tanning agents to confer stability and an aesthetic feel to the collagen fibres.
The hides and skins of the majority of the indigenous breeds have international reputation
for their unique natural substance of fineness, flexibility, strength, and compactness of
texture (Asfaw, 1997).

The leather forming layer of the hide, dermis, is divided into two layers; corium and
grain. Corium is mainly composed of fibre bundles interwoven in three-dimensions. A fibre
bundle is made up of a number of elementary fibres held up by sheaths of reticular tissue
and interfibrillar proteins. These fibre bundles subdivide into smaller units or elementary
fibres as they approach the grain. The angle of weave of the fibre bundles is normally
defined as the angle the fibres make with the limiting membrane on the flesh side. In
general, the fibres are woven in such a way that the angle of weave is low near the flesh
side and increases toward 90 degrees in the centre and then tends to be low again as the
fibres approach the grain. However, this general pattern varies significantly between the
types of animals. Similarly, variations in the environmental factors such as UV radiation
and temperatures, the hide’s physical, chemical and structural characteristics change hence

mechanical properties (Daniels and Landman, 2005; Liu et al., 2006).



2.1.1 Structure of collagen

Collagen molecule is composed of three polypeptide o chains each with a left-handed,
polyproline 1l-type conformation (Gelse et al., 2003). These helices are twisted together to
form a right-handed coil, triple-helix called quaternary collagen structure held together by
hydrogen bonds, intramolecular van der Waals bonds and covalent bonds as shown in
figure 2.1 (Brinckmann et al., 2005). The structure also has right-handed microfibrils and
fibrils of diameter approximately 40 nm and 100-200 nm respectively that form collagen
fibres mechanical strength to the structure (Kaplan and Xu, 2004). Collagen has distinctive
periodic arrangement of amino acids in each of the three chains of its subunits. Each unit
is repeatedly arranged as Gly-X-Y for glycine (Gly)-proline (Pro)-X or Gly-X-
hydroxyproline (Hyp), where a third of the sequence is Gly, while X and Y are other
residues of amino acids. X and Y-position are almost exclusively occupied by Pro and Hyp
respectively constituting a sixth of the sequence (Gorham et al., 1992). This periodic
pattern and high content of Gly is only found in elastin but not in globular proteins. The
primary sequence of this fibril assembly and conformation determines the physical
properties of the entire hide and leather (Persikov et al., 2005). Between Gly and Pro super-
coil is the hydrogen bonds from both the neighboring chains and water-network between
the several carbonyl and hydroxyl peptides residues (Brinckmann et al., 2005). Of the 26
types of collagen types, the main structural component of leather and skin is type I, which
forms the basis strong fibril (Wells et al., 2013). The helical part is further positioned by
the non-helical parts (9-26) amino acids called teleopeptide (amorphous collagen) that is
crucial in the formation of fibril and the natural crosslinking. These native collagens triple
helix are the most sensitive to UV-254nm radiation due to the presence of aromatic amino
acids such as tyrosine and phenylalanine (Rabotyagova et al., 2008).
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Figure 2.1: The structure of collagen triple-helix (Beck and Brodsky, 1998)

2.1.2 Dynamic Mechanical and Thermal Analysis (DMTA) of Collagen-based

materials

As the temperature increases, additional molecular chain relaxations can occur, which
markedly change the flexibility of the polymer and hence its viscoelastic properties
(Aklonis and McKnight, 1983). The distinct temperature, at which the material’s
properties change profoundly, is called the viscoelastic transition temperature. The
existence of these viscoelastic transitions becomes apparent when the modulus,
representing the stiffness of a given material, is plotted as a function of temperature. The
major viscoelastic transition of an amorphous polymer is called the glass transition (Tg)
whereas the major transition of a crystalline polymer is melting (Tm). Fibrous structural
collagen and keratin show structural stability that confer both mechanical and thermal
stability. The strength of bonding between collagen molecules increases the structural
mechanical stability by restricting the free movement of the individual collagen molecules
(Miles and Burjanadze, 2001; Liu et al., 2009). The strength of bonding can increase as a
result of molecules crosslinking e.g. tanning introduces covalent or coordative bonds. On
heating, these bonds will break or collapse due to extensive breakage of hydrogen bonds
and van der Waals bonds at a certain critical temperature known as the shrinkage
temperature (Ts) (Samoillan et al., 1999; Miles and Burjanadze, 2001). The shrinking or
denaturation results directly from melting of the crystalline triple-helix of collagen (Cucos
et al., 2011). The increased structural stability and thermal stability is indicated by the

7



increased shrinkage temperature in the Dynamic Mechanical Analysis (DMA) (Haroun et
al., 2009). In DMA, these temperatures correspond to the peaks in tan 6 (Nguyen et al.,
1974). In collagenous materials, three peaks have been identified and are referred to as
secondary transitions (Menard, 1999). The first stage of the transition is the true melting
of fibrils into dissociated/random coil collagen. The second stage could be the collapse
transition of dissociated collagen into shrunken collagen. In fibrils, the dissociated
collagen could be restricted from collapsing into a random coil by intermolecular
crosslinking. Once the heat labile crosslinks are broken, then dissociated collagen
molecules are free to collapse to the shrunken state (Pietrucha, 2005). The shrinking
temperature is also referred to as the melting point of collagen. In this work, the words
melting, denaturation and shrinking have been used to refer to the same phase transition of
collagen. Covalent bridges increase the melting temperature and water depresses the
melting temperature (Cucos and Budrugeac, 2010).

In dynamic mechanical analysis of collagen based materials, leather has shown low
values of initial storage modulus (E") which slightly increases on heating up to about 180—
200 °C. Above this temperature, a rapid increase is seen, which could be due to additional
cross-linking of the collagen fibrils by the excess tannins. Beyond the temperatures 230-
250 °C, the materials begin to decompose as indicated by sharp decrease in E’ due to
denaturation or melting of crystalline collagen (Cohen et al., 2000; Budrugeac et al., 2004).
In Differential Scanning Calorimetry (DSC), collagen based materials have exhibited a
phase transition or melting in the temperature range of 210-260 °C, characterized by an
endothermic peak in the DSC curve and an abrupt decrease of E’. Using Dynamic
Mechanical Analysis (DMA), Thermo-Mechanical Analysis (TMA) and Derivative
Thermal Analysis (DTA), Nguyen et al. (1974) confirmed the melting temperature of dry
pure collagen from bovine tendon to be around 218 °C. Budrugeac and Miu (2008) working
on leather and parchments using DSC analysis pointed out that the first endothermic peak
is due to dehydration at around 100 °C and the second peak is due to melting of the
crystalline zone of collagen at temperature between 205 °C and 245 °C. In a study by Cucos
et al. (2011) later using both DMA and DSC, it was observed that all the collagen-based
materials exhibit a decrease in the storage modulus at temperatures above 200 °C, due to

the melting of crystalline zone of collagen.



2.1.3 Collagen and Water

Under high humidity, water is absorbed and is uniformly distributed within the
structure or heterogeneously located in specific clusters at polar sites and free volume
locations in collagens (Nguyen et al., 1974). This creates water bridges that provide
hydrogen bonds that hold the triple helical structure of collagen together alongside
inter/intra chain hydrogen bonds (Jeyapalina et al., 2007). This enhances the strength and
the modulus of the polymer (Jankauskaite et al., 2004). On the other hand, dehydration
introduces inter-fibre sticking that affect the physical properties of collagen (Haines, 1991).
As the water content falls in the internal capillaries, so the surface tension of the
water begins to exert a pull on the walls of the capillaries, bringing them closer together
until the fibril surfaces stick. Other experiments have observed that hardness and E’
decrease remarkably with humidity (Altaf et al., 2011; Hu et al., 2013). A study by Li et
al. (2009) showed that at high moisture content of around 60 % Relative Humidity, leather

exhibits a non-linear stress-strain relation.
2.1.4 Collagenous biomaterials and UV radiation

When collagenous biomaterials are exposed to the solar radiation, the absorbed energy
induces photochemical reactions by radical mechanisms. Firstly, chemical compounds
split off and free radicals are formed. Secondly, these radicals react immediately with
oxygen to form peroxide radicals. Peroxide radicals further react with the organic
constituents of leather, and dyes, tanning agents and fat liquors, breaking some of the bonds
between the said products and collagen (de Volder et al., 2007). Breaking the bonds affects
mechanical properties (Larsen, 2000; Thomson, 2002; Sionkowska et al., 2006). Native
collagen triple-helix absorb these radiation especially UV-254nm causing collagen
structural damage (Afaq et al., 2005; Rabotyagova et al., 2008; Lapshin et al., 2010;
Metreveli et al., 2010). Structural damage leads to structural scission of —OH,
decarboxylation (structural scission of —C=0), hydrogen abstraction (structural scission of
—N-H) and general oxidative degradation (Tyan et al., 2002; Sionkowska et al., 2006).
Destruction of collagen triple-helix leads to rapid and extensive peptide bond scission

events through the free radical reactions (Miles et al., 2000). Some of the radicals originate



from the aromatic amino acids found in collagen that form primary source of free electrons.
The formed free radicals interact with other collagen molecules and water, and propagate
impact on collagen degradation (Rabotyagova et al., 2008). This process decreases the
stability of fragmented triple-helices, increasing the chain scission with increasing UV-C
radiation (Khan et al., 2002; Herascu et al., 2008; Jariashvili et al., 2012). One hour of
irradiation is sufficient to completely change the collagen conformational state (Metreveli
et al., 2010). Proline residues are more susceptible to UV damage than hydroxyproline.
Thus, although the UV damage to collagen peptides is non-specific, there appears to be a
high preference for the cleavage between Gly and Pro (X position) peptide bonds, which

could be the most targeted site prone for UV damage in collagen (Jariashvili et al., 2012).

2.2 Solar and UV radiations

UV radiation forms 6.8% of the total solar radiation reaching the earth’s surface of
wavelength from 10 - 400 nm with energy range 3 -30 eV (Mishra et al., 2011) as shown
in figure 2.2. Three bands are relevant: UV-A, also called near UV, long wave UV, or black
light region; UV-B, called mid-UV, erythema band or actinic UV; and UV-C, also called
far UV or germicidal radiation. The band UV-C (100 - 280 nm), medium wavelengths UV-
B (280 - 320 nm), and long wavelengths UV-A (320 - 400 nm) (Afaq et al., 2005; Saraf et
al., 2007). The spectral region below 180 nm is called vacuum UV. The band UV-C which
is extremely damaging to the collagen, even for very short exposure is absorbed by
molecular oxygen and ozone in the Earth’s atmosphere (Afaq et al., 2005). The UV
radiation content in the terrestrial Solar radiation comprises of 95-98% UV-A and 2-5%
UV-B, all the UV-C being absorbed by stratospheric ozone (Mishra et al., 2011). Solar
UV-B radiation at any location, in cloudless sky conditions, depends on the solar
zenith angle, column ozone content and column aerosol content as well the altitude of the
observation site (McKinlay and Diffey, 1987). Among all, ultraviolet light is the most
harmful to the collagen (Svobodova et al., 2003). The amount of ultraviolet (UV) radiation
reaching the earth's surface has markedly increased in recent years due to ozone layer
depletion (McKenzie et al., 2003).
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Figure 2.2: Solar Radiation Spectrum (Mishra et al., 2011)

2.3 Dynamic Mechanical Analysis (DMA)

DMA is a combination of thermal and rheological analysis, which provides
corresponding values of thermo-mechanical properties under dynamic loads, especially for
polymers and polymer-based composites. It gives the possibility to determine the time-
temperature or frequency-temperature dependence (Katumin et al., 2010). During
experimental runs, the DMA measures the raw signals of force, amplitude of deformation,
and phase angle of the sample in response to the applied oscillating force over a range of
temperatures and /or frequencies. It then uses amplitudes of deformation to compute the
complex stiffness, which together with the phase angle is applied to calculate the storage
stiffness and loss stiffness. The instrument then calculates the storage and loss moduli by
multiplying the raw stiffness measurements by the appropriate Geometric Factor (Lee-
Sullivan and Dykeman, 2000). Measurements of loss modulus (E'") and storage modulus
(E") and the tan 6 are obtained directly from the DMA by the help of the thermal analysis
software. Typical values of dynamic moduli for polymers range from 10°-10%2 Pa
depending on the type of polymer, temperature and frequency (Lakes, 2004). Calibration
of the DMA using standard samples must precede any measurements to ensure reliability
of the machines output data. The output is in graphical form over a range of temperature,
time and frequencies. It can operate at the temperatures ranging from -145 °C to 600 °C
with heating rate of up to 50 °C per minute and can work with samples that are bulk solid,

flimsies, fiber, gel or viscous liquid form. It gives a range of clamps such as dual or single
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cantilever, compression, film tension or fiber film and three point bending depending on
the nature and geometry of samples under study. The wide range of clamps allows
measurements of properties such as modulus, damping factor, creep, stress relaxation, glass
transition and softening points to be accurately made.

2.3.1 Viscoelasticity

When a viscoelastic material is subjected to a sinusoidal varying tensile strain at a
frequency below resonant value, under steady state conditions, the stress, o, sustained by
the sample is also sinusoidal; but the stress is out of phase with the induced strain by an

angle 6 (Wu et al., 2009) as shown in figure 2.3. This phase lag is due to the excess time

necessary for molecular motions and relaxations to occur. Therefore dynamic strain, &,
can be given as £ = &y coswt, (2.1)
and dynamic stress, 0 as
o = 0, cos(wt + 6)
= 0,c0s § coSs wt — g,sin d sin wt, (2.2)
where w is the angular frequency of the varying tensile strain, t is the time and g, and &,

are the amplitudes of stress 0 and strain &€, respectively.

] applied stress

[ === ===T1Tmeasured strain

Figure 2.3: Response of a viscoelastic material (stress is out of phase with strain)
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From equation (2.1), it follows that the applied stress consists of two components:
ag,c0S0, which is in-phase with tensile strain and a,Sind, which is 90° out of phase

with tensile strain. Therefore the material behaves partly as a solid and partly as a viscous

liquid and the stress-strain relationship is expressed as;
o = gyE' coswt —eoE"sinwt  (2.3)

Dividing stress by strain yields two moduli: the storage, E’ and the loss modulus, E”, which

are given by;
E' = %cos ) (2.4)
and
1 __ Oo .
E" = — sin o) (2.5)

Hence strain and stress can be written as € = €,expiwt and 0 = o,expi(wt +

&), respectively.
Equations (2.4) and (2.5) suggest that tensile modulus can be specified in complex form
E". Thus, the strain and the stress cycles can be represented by the real parts of

e = ¢g.expiwt and 0* = ag,expi(wt + §) respectively. Therefore,

E* = a—*=ﬁei5=%(cos6 +isind) = (E' + iE") (2.6)

&* &,
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The real part of the modulus, E’ in equation (2.6) is the storage modulus (E'). It is
proportional to the peak of energy stored. It represents the elastic behavior of the material.
Stiffness, Ks, of a specimen is defined as the ratio of the applied force to the amplitude of
the deformation. It’s an extrinsic property that is dependent on its geometry and relates to
the E' by;
L

E' = K.x(GF) = K.x (Z) 2.7)
Where E’ is the storage modulus and dimensions of the sample used to calculate
Geometrical Factor (GF). For a sample of rectangular cross-section, the GF is related to
the dimensions of the sample through equation 2.8,

Length

GF =

= , : (2.8)
Cross section Area

The imaginary part of the modulus E”" is out phase with the strain in equation (2.6), is

proportional to the net energy dissipated per cycle and is known as the loss modulus. It

r
represents the viscous part of the material response. The ratio I = tan ¢ is termed as
the loss factor or damping factor as shown in figure 4. It’s a dimensionless quantity and is
the rate of energy lost per cycle to the energy stored and hence recovered per cycle. This
loss factor gives information about the samples’ viscous or elastic behavior. The storage

modulus gives the amount of energy a sample stores, the loss modulus gives the amount of
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energy dissipated by the sample when a sinusoidal force is applied. The loss factor also
called the damping factor is measured as an angle that indicates lag between the tensile

stress and strain. Loss factor gives information regarding sample’s viscous or elastic nature.
The three parameters, E’, E" and tan & depend on the test frequency and/or temperature

(Sperling, 2006). The parameters are used to characterize dynamic mechanical properties
either at a given frequency or temperature or, preferably over a range of these variables
(Sperling, 2006). They also play key role in evaluation of polymeric-based materials from
the view point of performance (Kalachandra et al., 1995).

2.3.2 Viscoelastic models

Mechanical models have been created to better visualize the stress and strain relationship
in viscoelastic materials. These models use springs and dashpots to represent the dual
nature of the behavior. These models include the Maxwell’s model, the Kelvin-Voigt

model and the Burger model:

Maxwell’s Model

A Maxwell element exhibits a dynamic response. It consists of a purely elastic spring
and a purely viscous damper connected in series as shown in figure 2.5. The application of
a sinusoidal stress to a Maxwell element produces a strain with the same frequency as, but
out of phase with, the stress. If E}, is the elastic modulus of the spring and n,,Iis the viscosity

of the dashpot, then we have;

Oy = EMgspring - I|M‘9dashp0t
and
oM oM
— + =

EM = Espring T €dashpot = (2.9)

Ey MM
where subscript M denotes Maxwell, € is the strain in the material, o is the stress and E is

the elastic modulus.
In Maxwell’s model, the total strain is the summation of the individual strains of the spring

and dashpot, the strain rate of an ideal spring and dashpot is given by;
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de 1, do
E (— - + H (2.10)

where 7 is viscosity. For stress relaxation experiment, deformation at constant strain, then

ds 1, do
dt ()_+_

This implies that
1 dG o

@ %

Solving for the equation,

do_ E dt
o Eg=-%
dt T
dt

where T— , Ina(t) = lnoy — —
This implies that

t
o(t) = exp(— ;). The stress decays to zero at infinite time.

E(t) =22 =2 exp (t/;) = E exp (/) (211)

The response of the Maxwell model in a stress relaxation experiments corresponds to an

elastic solid at £ << T and to a viscous fluid att > T.

E n

— J"l I}W U.L- T

g, £

Figure 2.5: Schematic diagram for the Maxwell Model
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The Kelvin-Voigt Model

This is a parallel assembly of dashpot and spring as shown in figure 2.6. In this case,

the deformation are equal but the stresses are different:
Espring = €dashpot

and Ospring ¥ Odashpot
where
Ospring = E. Espring

_ d€dash

de
0=E£+na

If Ey, is the elastic modulus of the spring, ny is the viscosity of the dashpot and V
denotes the VVoigt model, then the constitutive relation can be given as
&v = Espring = €dashpot A Oy = EV‘Sspring + Ny &dashpot

oy = Ec+n % (2.12)

. . . . d
Stress relaxation experiment, deformation at constant strain, d—i =0

oy = E¢. (2.13)

While this model provides a more reasonable representation of creep behaviour, it

does not represent the stress-relaxation behaviour adequately.

e I =

|
| _

oy B
| ‘:_:T:__L

Figure 2.6: Schematic diagram for the Kelvin-VVoigt Model
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The Burger Model

According to the theory of viscoelasticity, the Burger model can be used to explain the
rheological behavior of polymers in the dynamic mechanical analysis. The Burger model is
a serial assembly of the Maxwell model (serial connection of spring/dashpot) and the Kelvin-

Voigt model (Shames and Cozzarelli, 1992) as shown in figure 2.7.

Figure 2.7: The Burger model of viscoelasticity (Li et al., 2009)

2.4 Tensile Properties

Tensile properties are important functional and performance physical and mechanical
properties of leather (Basil-Jones et al., 2013). These properties include tensile strength,
tear strength, percentage elongation among others. They determine both routine quality and
serviceability assessment of the material, leather’s usability, the state of usage, and inform
the entire process of manufacturing goods from leather (Basil-Jones et al., 2013). The
properties vary according to the quantity of skin constituents (follicles, glands and erector
muscles) and quantity of collagen fibre bundles (Jacinto et al., 2004). The content of the
rigid native triple-helices and fibril network of the collagen determine the strength and the

compactness of the hide (Muralidhan and Ramesh, 2005).
2.4.1 Tensile Strength

Tensile strength is the ability of a material to withstand pulling/tensile force. It’s
measured in force per unit cross-sectional area. This property specifies the point at which

a material goes from elastic to plastic deformation or stress needed to split a material apart.
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There are kinds of tensile strength: yield strength that gives stress a material can withstand
without permanent deformation, ultimate strength which is the maximum stress a material
can withstand and breaking stress that gives a point of rupture on the stress-strain curve.
Tensile strength sets a limit state at which the tensile stress leads to tensile failure in ductile
failure way or brittle failure way. It determines how much a material elongates before
hitting ultimate tensile strength and how much load a piece of material can accommodate
before it loses its structural integrity. Here, two vises apply tension to a specimen by pulling
at it, stretching the specimen until it fails. The maximum force it can withstand before
breaking is recorded together with the elongation of the sample clamped between the vises.
In leather, tensile strength is high where fibres are aligned more in the same direction as
the applied stresses. In a case where fibres are aligned more in a direction normal to the
stresses applied, the tensile strength is low (Salehi et al., 2013). Tensile strength determines
the structural resistance of leather to tensile forces hence its state and usability (SATRA,
2011; ESA, 2012).

2.4.2 Tear Strength

Tear strength is a measure of the resistance of a material to tear forces. The tear strength
of a notched specimen is calculated by the maximum force or average of the peak forces
recorded by the thickness of the material. The highest force exerted during tearing of the
test piece is recorded and expressed in Newtons and the thickness is expressed in
millimetres. Hence tear strength is measured in N/mm (Cloete et al., 2006). A rectangular
test sample with a hole of specified shape is placed over turned up ends of a pair of holders
attached to the jaws of a testing machine. A uniform pulling force is applied until
breaking/deformation occurs. Tear strength is then calculated by dividing the force applied
by the thickness of the material. It also depends on the viscoelastic and other dissipative
processes occurring in the material. In bovine hide, this strength is contributed by the
elastin and collagen bundles in the hide (Salehi et al., 2013).

Tear strength of bovine hide has been correlated with collagen fibril diameters, showing
that thicker fibrils give stronger material (Wells et al., 2013). Collagen fibril orientation
and orientation index (Ol) vary significantly with sampling positions through the thickness

of the skin in a consistent way (Basil-Jones et al., 2013). The amount of collagen varies
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through the thickness of the leather from the grain to the corium, with a greater
concentration of crystalline collagen measured toward the corium side. Stronger leather
has the fibrils arranged mostly parallel to the plane of the leather surface (high OI), while
weaker leather has more out-of-plane fibrils (low OI). The amount of collagen present
depends on the breed of the animal, origin, sex and the age (Jacinto et al., 2004; Salehi et

al., 2013). Hence the quality of leather is intrinsically determined by the animal’s breed.
2.4.3 Percentage Elongation

Percentage Elongation is a vital characteristic in leather industry: it determines the
elasticity of a material. Upper leather and footwear should possess high flexibility to
prevent the appearance of cracks and tears in the ball area (SATRA, 2011; ESA, 2012).
High elasticity allows the material to withstand the elongation stresses to which it is
subjected during footwear lasting, especially on the toe area (INESCOP, 2013). The
percent elongation at failure is the plastic extension of the specimen at failure expressed as
the change in original gage length divided by the original gauge length. This extension is
the sum of the uniform and non-uniform elongations. Low elongation value results in easy
tear while a high elongation value causes leather goods to become deformed very quickly
or even lose usability. If stretched under the influence of a force, leather, just like a wire,
first gets thinner and then breaks. Leather’s elongation is directly related to fiber structure,

orientation and fiber direction.

20



CHAPTER THREE

MATERIALS AND METHODS

3.1 Sample preparation

A freshly flayed hide, commercially procured from Dagoreti Slaughter house, Nairobi

(Kenya), was prepared using standard tannery chemicals process shown in table 3.1.

Table 3.1: Sample preparation recipe for pickling and tanning

Process/ (%) Chemicals Temp  Time Remarks
Step (°C)
Washing 100% H,0, detergent 23-25 10 min Drain
Liming 100% H-0, 23-25 lhr Drum speed=2 — 3 r.p.m
& Unhairing  1.5% NazS,
1% Ca(OH)2 (Lime),
Add:
100% H-0, 1hr
1% NayS
1% Ca(OH), (Lime) pH =12
Add: Drain
50% H.0 16 hrs Fleshing and scudding
1% Ca(OH), (Lime
Washing 300% H-0, 25 10 min Drain
Deliming 100% H,0 25 lhr
2% (NH4)2S04, P.H.=8.3
1% Sodium metabisulphite x-section clear to phenolthalein
Bating 0.2% -microbates- 35-37 1 Drum speed=3 r.p.m
1600 LVU, Drain
Washing 200% H,0, 20-25 20 min
Pickling 80% H-0, 20-22 10 min Drum speed=3 rpm
8% NaCl
1%H>S04(98%),(1:10)
1% Sodium Formate,
lhr P.H.=25

Pelt was then sided into two identical halves along the backbone, one half for tanning

Tanning

Basification

Drain&
Washing
Horse up
Sammy
Splitting

6% Chromium Sulphate,
(33% basic)

Add

0.5% Fungicide

0.5% NaHCO; (1:10)
Add

0.5% NaHCOs (1:10)
Add

0.5% NaHCOs (1:10)
200% H,0,

25-27

25

3 hrs

30min
20 min

20 min
20 min

20 min

Drum speed= 3 rpm

Penetration complete through x-
section pH = 3.0

Drain

Final pH = 3.6
Shrinkage temp = 100°C

Drain

Split 1.0 mm
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All specimens were sampled/cut using a press knife, both along the backbone direction
and in the perpendicular direction as illustrated in figure 3.1, according to the official
sampling method and sampling location as specified by ISO 2418: 2002. Sampling
direction refers to the orientation of cutting the hide with respect to the backbone.

Figure 3.1: Schematic illustration of the sampling position and method for hide

The press knife cut out the specimen such that the angle formed at the cutting edge
between the internal and external surfaces of the press knife was about 20° and the depth

of the wedge of the cutting knife, d was greater than the thickness of the cut leather, as

shown in figure 3.2.

20°

Figure 3.2: Schematic illustration of the shape of a press knife
3.1.1 Samples for tensile testing

For tensile strength and percentage elongation measurements, eight samples were cut

in dumb-bell shape as shown in figure 3.3.
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Gauge length Cross section

Figure 3.3: Schematic illustration of a standard tensile test sample

For tear strength measurements, eight rectangular specimens were cut, each 50 mm

long and 25 mm wide with a template hole, as shown in figure 3.4.

5cm

A
1ch

2.5cm

lcﬂ
v

Figure 3.4: Schematic illustration of a standard sample for tear strength testing

The samples were then conditioned in a standard atmosphere, 23/50 (temperature of 23
+ 2 °C and humidity of 50 = 5% R.H.) for 48 hours as specified by ISO 2419:2002 standard
prior to testing. Thickness, t and width, W of each test sample were measured as specified
by ISO 2589:2002 standard using digital Vernier calipers to the nearest 0.1 mm at areas
between the grain side and the flesh side. Tensile strength and elongation were tested
according to ISO 3376:2002 and 1SO 3377-2:2002 standards for tear strength using Instron
Testing Machine (Model 1101, UK) shown in plate 3.1.
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Plate 3.1: A picture showing Instron Machine, Model 1101

The samples were clamped in the grips, one at a time, at the cross-sectional area of the
gauge. A uniform jaws separation speed of 100 mm/min was selected with a gauge
elongation length of 100 mm. The machine was run until the specimen was torn apart and
the highest breaking force reached during tearing was recorded in Newtons (SLTC, 1996).
The machine also recorded the elongation in mm directly from scale as described by
Snyman and Jackson-Moss, (2000). Few samples were disposed due to slip-faults during
testing. For a moment of testing, the absolute result was obtained only from the successful
sample until the maximum force applied. For tear strength measurements, the pneumatic
grips were replaced in the jaws of the Instron machine and the highest force was recorded.

The tensile strength was then determined using equation 3.1;
Tensile strength = % (N /mm?) (3.1)

where F is the highest recorded force, W is the width of the test sample and t is the

thickness of the sample. Percentage elongation was determined using equation 3.2;
Lf_yp.
Percentage Elongation = % X 100% (3.2)
l

where L, is the final free length and L, is the initial free length of the sample. Tear strength

was calculated from equation 3.3;
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Tear strength = % (N/mm) (3.3)

3.1.2 Solar irradiation of the samples

Rectangular samples of dimensions 30 mm X 9.3 mm X 0.93 mm [measured by
digital Vernier caliper according to 1SO 2589:2002 (IULTCS/IUP 4)] were exposed to the
natural solar radiation in the natural environment for time intervals of 0 to 24 hours. This
is the customary duration that tanning industry exposes the hide to the sun during leather
making. The samples were spread on an erected board by a tape to increase the solar
irradiance. The solar irradiation was done during the month of September, 2014 at Egerton
University, Njoro, Kenya (0°55"'S,35°04"E) and altitude of 1859 m (Owando et al.,
2013). Egerton University is in Rift Valley, 22 Km from Nakuru City, which receives solar
radiations of irradiance approximately 7.1 kWm each day during the month of September
(Owando et al, 2013). The time interval of exposure during the day was from 10 AM to 3
PM to minimize the variation of solar irradiance. Therefore, on average, each sample
received solar irradiance of approximately 0.08254 W each hour. The samples were then
conditioned in a standard atmosphere of temperature 23 + 2 °C and humidity 50 £ 5 % RH
for 48 hours prior to testing according to 1ISO 2419: 2002.

3.1.3 UV irradiation of the samples

Rectangular specimens of dimensions 30 mm X 9.3 mm X 0.93 mm were exposed to
UV radiations in air at room temperature and at room relative humidity from an 8W UV
fluorescent lamp (Model LF-204.LS) from UVITEC of wavelength 254 nm (UV-C) and of
irradiance of 0.0475 W/m?, which was positioned horizontally 15 cm away from the sample
in an aluminum shutter. Various doses of UV irradiation were obtained by varying duration
of irradiation from 0-30 hours. The specimens were then conditioned in a standard
atmosphere, 23/50 (temperature T = 23 + 2 °C, humidity ¢ = 50 £ 5% R.H.) for 48 hours
according to 1SO 2419: 2002 (IULTCS) standard prior to testing. The pictures for both
pickled and tanned hide samples are shown in plates 3.2 and 3.3, respectively.
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Plate 3.3: Picture showina pickled hide sample for Film tension clamp of DMA 2980
3.2 Dynamic Mechanical Analysis
The storage modulus, E’ and tan é of samples prepared in section 3.1.2 and 3.1.3 were
determined by a DMA (Model 2980) from TA instruments, using Thermal Analysis (TA)
instrument control software installed in the DMA. A picture of Film Tension Clamp of
DMA is shown in plate 3.4.

26



Plate 3.4: Picture showing Film tension clamp of a DMA 2980

The DMA was calibrated using standard samples which were accessories of the DMA
2980 before any measurements were taken to ensure the reliability of the results. The
specimens were carefully mounted onto thin film clamp and the experiment run in multi-
frequency mode with frequency range of 0.01-100 Hz equilibrated at room temperature 30
OC and heated at a rate of 5 °C per minute to 240 °C. The TA software displayed the data
in graphical form. The results for E’ and tan 6 as functions of either frequency or

temperature were obtained in graphical form.
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CHAPTER FOUR
RESULTS AND DISCUSSION
4.1 Tear strength, tensile strength and percentage elongation

In this section, data were analyzed statistically by Microsoft Excel 2013 for t-test
assuming unequal means and expressed as p to assess the statistical significance. The alpha
(o) was set at 0.05. Therefore, significance of the null hypothesis was rejected whenever p
< a. The results for tensile strength, percentage elongation and tear strength for pickled and
tanned hide are presented in tables 4.1 and 4.2, respectively.

Table 4.1 (a): Tensile strength, percentage elongation and tear strength of pickled hide

sampled parallel to the backbone

Sample code Tensile strength Percentage Tear strength
(N/mm?) Elongation (%) (N/mm)
A 34.0 46.80 186.13
B 32.78 52.00 151.61
C 32.78 53.20 190.00
D 34.04 52.53 179.10
E 24.61 69.20 181.87
F 33.95 53.20 171.70
Average 32.24 54.49 176.74

Table 4.1 (b): Tensile strength, percentage elongation and tear strength of pickled hide

sampled perpendicular to the backbone

Sample code  Tensile strength Percentage Tear strength
(N/mm?) Elongation (%) (N/mm)

A 14.82 69.20 222.52

B 24.82 62.5 188.69

C 29.22 63.2 156.52

D 22.22 57.3 202.61

E 14.48 69.9 168.09

F 20.35 72.4 222.52

Average 20.99 65.76 193.49
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Table 4.2 (a): Tensile strength, percentage elongation and tear strength of tanned hide

sampled parallel to the backbone

sample code Tensile strength Percentage Tear strength
(N/mm?) Elongation (%) (N/mm)
A 42.86 22.90 57.57
B 30.88 23.56 66.59
C 50.75 27.66 64.00
D 31.43 25.53 68.40
E 38.24 24.20 56.88
F 37.46 24.76 52.50

Table 4.2 (b): Tensile strength, percentage elongation and tear strength of tanned hide

sampled perpendicular to the backbone

sample code Tensile strength Percentage Tear strength
(N/mm?) Elongation (%) (N/mm)
A 25.28 36.33 61.60
B 29.49 29.16 88.11
C 36.18 29.67 95.00
D 26.54 31.16 78.00
E 29.65 29.16 86.18
F 22.93 32.16 92.57

4.1.1 Effect of sampling direction on tensile properties

From figures 4.1 and 4.2, specimens sampled perpendicular to the backbone direction
had significantly higher tear strength (p = 0.00508) than parallel sampled specimens. In

this case, the null hypothesis was rejected. It implies that numerically higher tear force is
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required to tear both pickled and tanned hide sampled in perpendicular direction than those
sampled parallel to the backbone.
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Figure 4.1: Effect of sampling direction on tear strength for tanned hide
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Figure 4.2: Effect of sampling direction on tear strength for pickled hide

From figures 4.3 and 4.4, percentage elongation for specimens sampled perpendicular
to the backbone was significantly (p=0.00114) higher than for parallel sampled specimens.
Hence null hypothesis was rejected. The values demonstrate that hide has greater elasticity
in the perpendicular direction than parallel direction. This is a fact that can be exploited in

shoemaking, where the leather is stretched over the form in perpendicular direction.
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Figure 4.4: Effect of sampling direction on percentage elongation for pickled hide

Tensile strength values for specimens sampled parallel to the backbone were numerically
higher than perpendicularly sampled specimens (p = 0.020986) for both pickled and tanned
hide as shown in figures 4.5 and 4.6. Hence null hypothesis was rejected; sampling
direction indeed has significant effect on tensile properties.

31



= N W D OO O
o o o o o o

Tensile Strength(N/mmg2)

o

A B C D E F

Sample code
m Parallel = perpendicular
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Figure 4.6: Effect of sampling direction on tensile strength for pickled hide

When fibres are aligned more in a direction normal to the stresses applied, then tensile
strength becomes low (Salehi et al., 2013). The values for tensile strength and percentage
elongation are in agreement with those reported by Sivasubramaniana et al. (2008) for
cattle hide. Nevertheless, the results contradicted those reported by Oliveira et al. (2007),

who reported that both tear and tensile strengths are significantly higher when the sample
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is perpendicularly sampled than parallel sampled. For both tensile and tear strengths, these
variations might be explained by the anisotropic arrangement of the collagen fibres in the
hide matrix (Craig et al., 1987; Oliveira et al., 2007). The degree of alignment of the
collagen fibrils in the plane determines tear strength. High tear resistant materials have
majority of their fibrils contained within parallel planes with little or no crossover between
the top and the bottom surfaces (Sizeland et al., 2013). In the perpendicular sampling
direction, percentage elongation decreased with increased thickness. It can be pointed out
that, when the samples for the tearing analysis are taken in parallel direction, the
direction of tearing is perpendicular and when the samples are taken perpendicularly
the tearing direction is parallel.

There were variations in values of tensile strength, tear strengths and percentage
elongation for samples taken from different positions as a function of distance from the
backline, as shown in figures 4.1 to 4.6 (indicated by different values for A, B, C, D, E and
F). Leather, being an anisotropic material, its fibre bundles are oriented in diverse
directions depending on the distance from the backbone, direction of sampling and the type
of animal (Lin and Hayhurst, 1993). Samples taken closer to the backbone had higher
tensile strength than those taken a distance from the backbone implying the influence of
sampling position with respect to the backbone. These results agree with those obtained
from merino sheep leather that showed a consistent decrease as the distance from the
backbone increased (Gordon, 1995). The anisotropy can be used to explain the defection

noticed in figure 4.2, sample code C and E.
4.1.2 Effect of tanning on tensile properties

Numerical values of both percentage elongation and tear strength were significantly
higher for pickled hide than tanned hide (p = 0.000236 and p = 0.0176, respectively),
whereas the values of tensile strength were numerically higher (p = 0.0344) for tanned hide
than for pickled hide as shown in figures 4.7 - 4.12. Therefore, the null hypotheses were
rejected in all the cases. Hence bovine hide tanning indeed has an effect on its tensile

properties.
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The averages for tensile strength, tear strength and percentage elongation obtained for

pickled and tanned hide are tabulated in tables 4. 1 and 4.2, respectively.

Table 4.3: Average results obtained for pickled hide

Picked hide
Tensile strength (N/mm?)  Tear strength (N/mm) Percentage Elongation (%)
26.61 185.12 60.13

Table 4.4: Average results obtained for tanned hide

Tanned hide
Tensile strength (N/mm?)  Tear strength (N/mm) Percentage elongation (%0)
33.48 72.27 28.02

These averages agree with results reported by Ventre et al. (2006) for soaked calfskin
and leather. Different values for tensile strength for the pickled and tanned hides can also
be explained by the fact that the cross-sectional area of the pickled hide is higher than for
tanned hide due to the osmotic swelling effect of liming process. Here, the collagen fibre
bundles are loosened (Nalyanya et al., 2015a). This decreases the load bearing collagen
fibre concentration per given volume in the natural tissue in a water swollen state since the
tensile strength is inversely proportional to cross-sectional area. The swelling also pushes
the collagen fibres apart increasing the angle of weave hence decreasing the load transfer
leading to a lower tensile strength. Additionally, the chemical process of tanning introduces
additional crosslinks into the collagen between the adjacent polypeptide chains (Hansen et
al., 1993). This binds active groups to the functional groups of proteins causing resistance
to slippage of chains over each other and hence increasing the tensile strength (Covington,
1997).
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4.2 Viscoelasticity and thermal stability of hides
4.2.1 Effect of tanning on viscoelasticity and thermal stability

Effect of tanning process on the viscoelasticity was inferred by plotting graphs of
individual viscoelastic property versus temperature for pickled and tanned hide on the same

graph. The comparison at different temperatures enabled to infer the effect.

Loss modulus (E"")

The loss modulus (E"") for pickled hide increased with temperature to about 185 °C
before a drastic drop to zero at 215 °C as shown in figure 4.13. The increase in E" for
tanned hide was gradual while for pickled hide, the increases were sharp and intense. The
drop observed for pickled hide was slightly at lower temperature than for tanned hide.
Again, pickled hide had multiple sharp and erratic peaks at temperatures 110 °C and 185
°C while tanned hide had only one peak at 230 °C.
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Figure 4.13: Effect of tanning on the E" and E' against temperature

When the hide is heated, collagen gets softened allowing more chains to participate in the
oscillation. This increases the loss of mechanical energy, and hence high loss modulus.
Heating also increases the rate of relaxation processes enabling substantial number of
peptide chains to free themselves from their entanglements and align in a more cohesive

crystalline orientation (Billmer, 1984). The crosslinks in the tanned hide impose
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restrictions on the segmental mobility reducing the number of peptide chains taking part in
the relaxation process (Covington, 1997; Chen et al., 2011). This explains why tanned hide
had lower loss modulus than pickled hide especially at higher frequencies.

Storage modulus (E")

In figure 4.13, the storage moduli for both tanned and pickled hide increased with
temperature to two distinct major peaks, although only the second peak was noticeable for
tanned hide. The increasing trend of the storage modulus in both hides can be explained by
dehydration taking place in the hide as temperature rises. Dehydration of collagen causes
formation of additional crosslinks and stiffening effect of the hide. Removal of interstitial
water pulls the collagen fibrils closer inducing intramolecular bonds and compacting the
collagen structure into stiff and hard hide (Lischuk et al., 2006; Kato et al., 2001; Mogliner
et al., 2002). These two effects combine to increase the storage modulus with temperature.
Same observation has been reported by Cucos et al. (2011) who found out that dehydrated
collagen fibrils are more mechanically stiff than hydrated collagen. The storage modulus
for tanned hide was higher compared to pickled hide throughout the experimental
temperature range except between 170 °C to 185 °C. This can be attributed to the effect of
tanning that induces crosslinks, which conduce additional stiffness (Covington, 1997).
Storage modulus for tanned showed gradual increase and a slight drop at 230 °C while
pickled hide showed erratic peaks at 100 °C and 185 °C and then dropped to almost zero
at 225 °C. The steady increase in storage modulus for tanned hide can be attributed to the
stabilization effect of tanning which compacts the collagen molecules and tanning agents
unlike pickled hide that is amorphous from the swelling effect of liming (Nalyanya et al.,
2015b). During the liming, dermal swelling takes place increasing the porosity of the hide
(Lischuk et al., 2001). The opened up structure of pickled hide allows more absorption of
water unlike the tanned hide which later is compacted by chromium ions. Hence, during
dehydration by increasing temperature, pickled hide loses more water than tanned hide.
This explains why the increase in storage modulus is higher and erratic for pickled hide as
compared to the tanned hide. Stabilization shows that tanned hide has higher ability to
function at varying strain and can survive long cycles than pickled hide. Tanning increases

the molecular weight and induces intermolecular hydrogen bonds with the functional
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groups of the collagen that stabilizes the crystalline structure increasing the stiffness and
stabilizing the structure of the crystalline collagen (Chahine, 2000; Covington, 1997). The
synergistic effect of collagen with chromium ions together generate more cross linkages
that induce resistance to any forces of deformation on the dermal collagen, especially in
compression tests (Lischuk et al., 2001; Chahine, 2000; Covington, 1997; Budrugeac et
al., 2004). This improves stiffness and compactness in the collagen matrix hence storage
modulus. Similarly, swelling of the hide structure during pickling process increases the
distance of separation between the reactive groups unlike in tanned hide where they are
brought together by the chromium ions, hence weakening the intercollagen bonds
(Chahine, 2000). This also affects the recruitment process and the resulting spatial
arrangement of collagen fibres (Liu et al., 2009). This decreases the stiffness of the pickled
hide compared to tanned hide that has compact structure. The compact structure implies
that tanned hide has greater volume fraction compared to pickled hide. This also explains
why the temperatures corresponding to the peaks in storage modulus for tanned hide were
slightly higher than for pickled hide; 180 °C for pickled hide and 215 °C for tanned hide.
These results agree with those reported by Pekhtasheva et al. (2012) where it was observed
that elastic properties of collagen increases with tanning. This also explains why
temperatures corresponding to the second peak of storage moduli for tanned hide was
greater than for pickled hide (Paul and Bailey, 2003). After the second the peak, the storage
moduli for both hides dropped drastically especially for pickled hide. At the second peak,
melting of the crystalline collagen occurs, forming volatile compounds and “pearls-on-a-
string-like-structures” especially for pickled hide causing irreversible decomposition as
shown in plate 4.1 (Pekhtasheva et al., 2012; Budrugeac et al, 2004). This is a transition of
collagen structure from the orderly triple-helical to the random coil collagen which
weakens the structure significantly (Lai et al., 2008; Nalyanya et al., 2016). The associated
mechanical relaxation and reorganization of the metastable amorphous causes a drastic
drop in storage modulus. The results agree with those reported by Cucos and Budrugeac
(2010) who reported the melting (softening) of the crystalline collagen which corresponds
to denaturation of the collagen triple-helix causing a drop in storage modulus occurred at
225.3 °C.
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Plate 4.1: Picture showing decomposed pickled sample after DMA 2980 experiment

Tan delta (tan 9)

Tan & measures dissipative capability, in this case, ability of the hide to lose mechanical
energy imposed on it. Figure 4.14 illustrates comparison of tan & for pickled and tanned
hide. Comparison helps is to determine the effect of tanning on tan 4. Tan & for pickled
hide was greater than for tanned hide in the entire temperature range except 50-60 °C . This
means that tanning decreases dissipative activity of the hide. The chromium ions coupled
with increased molecular weight enhances the rigidity of the collagen molecules (De
Carvalho and Grosso, 2004). This depresses the molecular mobility in tanned hide hence
low dissipative capacity of tanned hide compared to pickled hide. This implies that tanned
hide is more elastic/rubbery/elastomeric in nature than pickled hide, as indicated by the
lower tan 6 magnitude (Korhonen et al., 2001). In the temperature range of 140-155 °C and
225-235 °C, tan 6 for pickled hide reached the threshold; tan =1, to cross from solid-like
to liquid-like behavior (Al-Rugaie et al., 1997). This also implies that the majority of the
mechanical energy is dissipated by elastic deformation (Lakes, 2004). Tan & for both hides
showed increases with temperature interrupted with peaks at certain temperatures due to
the dehydration and melting of both amorphous and crystalline fractions of collagen. The
increase with temperature can probably be due to polypeptide chains mobility which aid

dissipation of the applied mechanical strain/deformation energy in form of heat (Asif et al.,
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2005). Temperatures corresponding to the peaks in tan 6 were relatively higher than
temperatures corresponding to peaks in storage modulus since the response in tan 6 is
determined by the entire volume fraction of the relaxing phase hence its temperature is
greatly affected by the amorphous phase (Sirear, 1997).
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Figure 4.14: Effect of pickling and tanning on tan 6 for bovine hide

Complex and dynamic viscosity (1)

The dynamic viscosity, 1 and complex viscosity, n* for pickled hide and tanned hide
increased with temperature. This means that resistance to flow and permanent deformation
increases with temperature. The complex viscosity for pickled hide was greater than that
for tanned hide in the temperature range 55 °C to 200 °C. The increase in viscosity for
pickled hide were more pronounced with two peaks at 105 °C and 175 °C while small
peaks observed for tanned hide at 110 and 225 °C. Complex viscosity for pickled hide
dropped to almost zero at temperature 210 °C as shown in figure 4.15. This is attributed to
the breakage of bonds that once stabilized the secondary structure of collagen (Xue and
Sethi, 2012). Dynamic viscosity, 1 for pickled hide was greater than that for tanned hide in
the temperature range 140 °C to 205 °C. The peaks in n for pickled and tanned were
observed at 185 °C and 235 °C respectively as shown in figure 4.16.
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Increase in temperature drives the molecular mobility of the collagen chains and breaks
weak interactions such as hydrogen bonds (Xue and Sethi, 2012). Consequently, with an
increased temperature, the viscosity response of the material is expected to increase
(Odlyhaet al., 2000). During denaturation, the collapse of the triple helical structure causes
sudden fall in the viscosity. Any further heating beyond this temperature simply transforms
the collagen from the triple-helix to the random coil configuration. The transition involves

the breakage of hydrogen bonds between the adjacent polypeptide chains of collagen
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causing the intact trimers (y) to break into either individual chains (o) or dimers (). This

causes decrease in the viscosity at temperatures beyond denaturation.

Shear stress (6)

Figure 4.17 illustrates the effect of tanning on the ¢ and variation of variation of ¢ with
temperature. Pickled hide had greater c compared to tanned hide in the temperature range
of 55-205 °C. The o for pickled hide increased rapidly with temperature to two peaks at
105 and 175 °C while for tanned hide, the ¢ increase was gradual forming two peaks at 110
°C and 225 °C. The drastic drops after the second peaks can be attributed to the collapse
of the triple-helical ordered structure of collagen to the random coil of amorphous region
and crystalline fraction of collagen. As expected, drops for tanned hide occurred at
relatively higher temperature than for pickled hide. This shows that tanning makes hide
more thermally stable. Beyond the second peaks, the shear stress, ¢ decreased rapidly due
to the irreversible decomposition of collagen crystalline molecules beyond their

denaturation temperature (Cucos and Budrugeac, 2010).
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Figure 4.17: Schema of o versus temperature for pickled and tanned hide

At higher temperatures, the shear stress, o decreased rapidly especially in pickled hide. The
decrease is due to the irreversible decomposition of collagen crystalline molecules beyond
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the denaturation temperature as shown in plates 4.2 for tanned hide (Cucos and Budrugeac,
2010).

Plate 4.2: Picture showing tanned hide sample after DMA 2980 experiment

Thermal stability

Transition temperatures for pickled and tanned hide were 90 and 130 °C, respectively
as inferred from figure 4.14. The difference in these temperatures can be attributed to the
tanning process. The additional crosslinks are induced between amino acids and
carboxyside chain of triple-helical regions of the molecules during chrome tanning. This
increases molecular density and molecular a-chains motions are restricted more than
pickled hide. The rigidity strengthens peptide bonds in tanned hide hence greater thermal
stability (Covington, 1997; Chahine, 2000; Paul and Bailey, 2003; Budrugeac et al., 2004;
Haroun et al., 2009; Cucos and Budrugeac, 2010). Studies by Sathiyamoorthy et al. (2013)
and Budrugeac and Miu (2008) reported TS for chrome tanned leather as 100 °C using
Differential Scanning Calorimetry (DSC). This implies that the value by DSC is slightly
lower than the value by DMA. This can be attributed to the water that DSC subjects the
samples to during testing. Water decreases stability of the collagen chains. Denaturation
temperature (Td) as inferred from the temperatures corresponding to the second peaks of
tan o for pickled hide and tanned hide were 180 °C and 225 °C. The values agree with results
reported by Budrugeac et al. (2004) on new and historical leather which were 230 and
234.5 °C using DMA and DSC, respectively. Cucos and Budrugeac (2010) reported 218 °C
on crystalline zone of pure collagen. By using DSC analysis, Budrugeac and Miu (2008)
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reported the melting temperature of crystalline zone of collagen to be in the range of 205-
245 °C. Other relevant studies carried out on collagen of the aortic tissue by Samoillan et
al. (1999) found 220 °C. Odlyha et al. (2003) found similar range of 230-234.5 °C.
Budrugeac and Miu (2008) working on the same extracted pure collagen reported the

melting temperature range of 205-245 °C.
4.2.2 Effect of solar radiations on viscoelasticity and thermal stability

In order to infer effect of solar radiation on viscoelasticity, curves of each viscoelastic
property for samples irradiated for different time durations were plotted on the same graphs
to compare their magnitudes. The graphs of the properties were plotted as functions of

temperature.

Storage modulus (E')

Figures 4.18 and 4.19 illustrate the effect of solar radiations on the storage moduli for
pickled and tanned hides, respectively. The two graphs show that non-irradiated samples
have highest storage moduli compared to the radiated samples. The drop in storage
modulus after irradiation may be attributed to the combined effects of solar ultraviolet
radiations, solar infrared radiations and atmospheric oxygen. Collagen contains aromatic/
chromophoric amino acids such as tyrosine, phenylalanine, histidine and cysteine which
readily absorb these radiations especially in the UV- range (Miles et al., 2000;
Rabotyasgova et al., 2008; Theodossiou et al., 2002). Absorption of these radiations, heat
and environmental water vapor by collagen in the presence of atmospheric oxygen causes
oxidation (Manfredi et al., 2015; Miles et al., 2000; Izquierdo et al, 1994; Florian, 2009;
Teddy et al., 2006). This oxidation breaks covalent bonds in collagen peptide chains and
the tanning agents forming highly reactive radicals and hydro-peroxides (Florian, 2009).
The OH- radicals for example induce chain scissions which weaken the mechanical
properties of the hide (Sionkowska et al., 2006; Miles et al., 2000; Thompson, 2006).
Studies have shown that these radicals cause both chain scission and crosslinking of the
collagen and the net effect depends on the irradiation dose or duration and pH of the
medium (Sionkowska et al., 2006). Interestingly, as duration of irradiation increased, the
storage modulus gradually increased; although still lower than that of non-irradiated
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samples. This contradicted our hypothesis. However, exposure of the hide to the solar
radiations exposes the sample to the heat due to the infrared rays, which lzquierdo et al.
(1994) observed that it increases the viscoelastic properties. The UV radiations and infrared
cause dehydration of the collagen fibres which increase the stiffness, since dehydrated
collagen is harder and stiff (Janko et al., 2010; Kato et al., 2001; Mogilner et al., 2002;
Kaminska et al., 1996). Similarly, the initial chain scission as a result of UV absorption by
the aromatic/chromophoric amino acids causes degradation. Collagen degradation in the
presence of oxygen at ambient temperatures induces the aromatic amino residues to form
dityrosine and other photoproducts such as pentosidine and pyridoline, which are all
crosslinks that are aimed at increasing the stiffness (Fathima et al, 2007; Metreveli et al,
2010). Furthermore, the modification of amine and carboxyl groups by the hydroxyl
radicals from the UV splitting of the water molecules on the peptide backbone radicals (-
NHC-CO-) together with their covalent bonds form the crosslinks that induce stiffness
(Weadock et al., 1995). This agrees with the observations made by Janko et al. (2010) that
the impact of irradiation is dependent on the environmental conditions and time of

irradiation.
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Figure 4.18: Effect of solar radiation on storage moduli for tanned
hide
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Figure 4.19: Effect of solar radiation on E’ for pickled hide

Tan o

Figures 4.20 and 4.21 illustrate the effect of solar radiations on tan 6 for pickled and
tanned hide, respectively. Tan 6 for pickled hide behaved differently from that for tanned
hide. The difference may probably be due to the chemical crosslinking effect of chrome-
tanning that induces covalent bonds. These bonds decrease the collagen free volume hence
permeability to both water and radiations (De Carvalho and Grosso, 2004). This increases
molecular weight as well. For pickled hide, non-irradiated sample exhibited the highest
tan 9. As time of irradiation increased, tan ¢ decreased, implying that irradiation decreases
the dissipative capability of pickled hide. Only non-irradiated pickled hide sample recorded
tan & greater than 1 at 140-155 °C and 225-235 °C. All irradiated samples had tan 6 less
than 0.5. For tanned hide, sample irradiated for 6 hours had the highest tan d followed by
non-irradiated sample. All tanned hide samples had tan ¢ less than 0.5. It can be noted that
bovine hide is predominantly elastic in nature although tanned hide is more elastic but less
dissipative than pickled hide as indicated by tan 6 magnitudes. This is due to the rigidity
imposed on the tanned hide by the chromium ions and the increased molecular density

which efficiently restrict the mobility and hence dissipation (Cucos and Budrugeac, 2010).
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Figure 4.20: Effect of solar radiation on tan 6 for pickled hide
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Figure 4.21: Effect of solar radiation on tan o for tanned hide

Thermal stability

The effect of solar radiation on thermal stability for pickled and tanned hide is

illustrated in figure 4.22. Thermal stability of bovine hide, as indicated by the melting

temperature of the crystalline fraction of collagen, was inferred from the temperatures

corresponding to the peaks of tan 6 (Paul and Bailey, 2003) as shown in figures 4.20 and

4.21. The effect of exposing the samples to the natural solar radiation on these temperatures

and hence thermal stability is illustrated in figure 4.22. The temperatures for tanned hides

are slightly higher than those for pickled hide; a fact that makes chrome-tanning more

necessary in leather making procedures. It improves the thermal stability by increasing the

melting temperature, shrinkage temperature or denaturation temperature (De Carvalho and
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Grosso, 2004; Bigi et al., 2001). The results agree with those reported by Pekhtasheva et
al. (2012). In both pickled and tanned hides, non-irradiated samples had the highest melting
temperature compared to solar-irradiated samples. In both hides, temperatures decreased
progressively with increasing time of irradiation. These results agree with those reported
by Zheng et al. (2009). This trend can be explained by the fact that solar UV radiation leads
to the rupturing of the collagen peptide bonds and the crosslinks that confer thermal
stability. The breaking of inter and intramolecular hydrogen bonds (bond scission)
consequently decreases the stability. These trends reflect the harmful effects of UV
radiation in the solar radiation spectrum, which bring about photolysis and photo-ageing.
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Figure 4.22: Effect of solar radiation on melting temperatures for
bovine hide

4.2.3 Effect of frequency on viscoelasticity

Loss modulus (E'")

The storage modulus (E') and loss modulus (E"") curves for pickled and tanned hides
were plotted on a single graph (figure 4.23). The effect of chrome-tanning process on the
E' and E"" versus frequency was illustrated. The graphs show distinct linear frequency
dependence divided into two regions: 0.1-30 Hz and 30-100 Hz. In the frequency range of
0.1 to 30 Hz, tanned hide showed significantly higher E’* compared to pickled hide. Both
E'" curves for pickled and tanned hide linearly decreased with frequency until 30 Hz where

the two curves had equal magnitudes. From 30 to 100 Hz, the increase in E'’ for pickled
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hide was significantly higher compared to tanned hide, although, the curves showed weak
frequency-dependence in this range. This result indicate that tanning enhances E" at
frequencies lower than 30 Hz but lowers E'" at higher frequency than 30 Hz. This also
indicates that E"' for both hides decreases with frequency at frequencies lower than 30 Hz
but increases with frequencies at frequencies higher than 30 Hz. Similarly, E’' for both
hides is a frequency-dependent variable as observed by Lakes, (2004). Decrease in E"” of
hide in the range 0.1-30 Hz is expected. The decrease in E'" of hide at lower frequencies
indicates the relaxation process where the polypeptide chains do not have enough time to
respond to the applied deforming sinusoidal strains making it difficult for the chains to
resonate with the oscillation. Only the peptide chains with shorter chain length are able to
oscillate. This decreases the number of participating oscillating chains and hence lower
loss modulus. At 30 Hz, the chains are in relaxation process and beyond this frequency, the
entangled chains begin to oscillate. This increases the number of the participating
oscillating chains hence increase in loss modulus is observed (Patel et al., 1992; Eidam et
al., 1995).

Storage modulus, E’ for tanned hide was significantly greater compared to pickled
hide in the entire frequency range. The storage modulus for both hides showed linear
relationship with frequency agreeing with the results by Lakes, (2004). For tanned hide,
the E' increased rapidly from 0.1 to 30 Hz followed by a gradual increase that almost
became independent of frequency. For pickled hide, E'decreased from 0.1 to 30 Hz
followed by a gradual increase, almost forming a plateau at higher frequencies. This
implies that for both hides, the E’ becomes less frequency-dependent at frequencies higher
than 30 Hz. Chrome-tanning increases the molecular weight and also induces
intermolecular hydrogen bonds with the functional groups of the collagen that stabilizes
the crystalline structure (Cucos and Budrugeac, 2010; Covington, 1997). The synergistic
effect of chromium together with the increased molecular weight make tanned hide stiffer
than pickled hide (Covington, 1997). Similarly, the presence of chromium ions in the hide
increases the volume fraction and droplet size of collagen phase. At low frequency, the
collagen chains have more time to relax to a more favorable state by slippage of the
entanglement point of chains. As the frequency increases, the chains become unable to

respond to the applied forces. When the chains can no longer slip past each other readily,
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and the entanglements tightly fixed in the network, the polypeptide mobility decreases
(Ward and Hadley, 1993; Gunasekaran and Ak, 2000). This increases the ability of the
entanglement to store more imposed energy and the collagen molecules behave more like
elastic solid (Clasen and Kulicke, 2001; Doi and Takimoto, 2003). This explains why
storage modulus increased with frequency. As frequency of oscillation increased further
beyond 30 Hz, almost all collagen fibres are fully stretched and oriented in the direction of
the applied strain, hence E’ becomes almost constant, independent of the frequency. During
prior processes of tanning, liming in alkali solution and sulphide makes the hide to swell
leaving a more open/loose structure. This affects the recruitment process and the resulting
spatial arrangement of collagen fibres (Liu et al., 2009). This explains the decrease of E’
of pickled hide. Both pickled hide and tanned hide showed a greater degree of dispersion
with their moduli (Lakes, 2004).
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Figure 4.23: Effect of tanning on the E' and E" for bovine hide
versus frequency

Tan o

The magnitudes of tan & for both pickled and tanned hides were less than a unit at all
frequencies as shown in the figures 4.24. This implies that both hides are predominantly
elastic in nature and hence implying that much of the energy was dissipated by elastic

deformation (Korhonen et al., 2001). Tan 6 for pickled hide was greater than for tanned
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hide throughout the frequency range. These results agree with those reported by Kasapis
and Mitchell, (2001). Tan o for both hides decreased linearly from 0.1 Hz to 30 Hz followed
by linear increase from 30 to 100 Hz. The increase for tanned hide was smaller, almost
forming a plateau compared to the increase for pickled hide. The crosslinks in the tanned
hide impose restrictions on the segmental mobility and therefore reducing the number of
peptide chains taking part in the relaxation process (Chen et al., 2011). This explains why

tan delta for pickled hide was higher than for tanned hide especially at higher frequencies.
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Figure 4.24: Frequency dependence of tan 6 for bovine hide

Complex and Dynamic viscosity

The complex viscosity and dynamic viscosity, n for tanned hide was higher than that
for pickled hide as shown in figure 4.25. This is attributed to the crosslinking effect of
tanning that improves the strength and stiffness of the hide. Both n and the complex
viscosity for both pickled hide and tanned hide decreased linearly and rapidly with increase
in frequency from 0.1 to 30 Hz, followed by weak dependence on frequency from 30 to
100 Hz for both hides. Both hides exhibited weak structure indicated by greater complex
viscosity than the corresponding n. The results are in agreement with the findings reported
by Carnali (1991); Lapasin and Pricl (1995) and Morris et al. (1996).
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Figure 4.25: Effect of tanning on n* and n for bovine hide versus
frequency

Tanned hide has higher molecular weight per unit volume due to the presence of chromium
ions and cross-linked hydrogen bonds (Covington, 1997). The intermolecular and
intramolecular hydrogen bonding increases the viscosity of tanned hide compared to
pickled hide. The results agree with those obtained in a study by Sai and Babu (2001). As
frequency increases, internal friction decreases due to smaller effective interactions among
the collagen molecules (Machado et al., 2002). The intermolecular interactions are reduced
by the micro-structural anisotropy resulting from the shear deformation. Further increase
in frequency forces the orientation of the polymer chains along the flow direction resulting
in a drop in the viscosity. Similarly, increase in frequency decreases the number of
entanglements that strengthen the flexibility of collagen chains hence reducing the

intermolecular bonds which translates to lower viscosity (Duan et al., 2013; Ju et al., 2013).

Shear strain (€) and shear stress (o)

Figure 4.26 illustrates the effect of tanning on shear strain (¢) and shear stress (o) versus
frequency. The ¢ for pickled hide showed higher values than for tanned hide in the entire
frequency range. In both pickled and tanned hides, the € increased with frequency to a
maximum value at 30 Hz. At 95.1 Hz, the curves of ¢ for both pickled and tanned hides
overlapped. In the entire frequency range, tanned hide had greater ¢ than pickled hide. This
is probably due to the crosslinking by tanning which enhances stiffness of the collagen
molecules (Covington 1997). Greater ¢ values in pickled hide simply indicates that the

molecular chains are easier to slide over each other when shearing strains are applied
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compared to tanned hide. This also indicates the stronger ability of tanned hide to store
more residual stress (Edali et al., 2001). The swelling effect of liming with alkali solution
and sulphide usually leaves the structure more open and loose during pickling (Liu et al.,
2009; Nalyanya et al., 2015a). In the frequency range of 30-100 Hz, ¢ for both hides
showed weak frequency-dependence. When hide is subjected to any shear strain, collagen
molecules have enough room to distribute the stress with different relaxation times. At
lower frequency, almost all the stress distribution modes are fast enough for the operation,

hence stress was minimal. As frequency increased, most of the collagen molecules didn’t

have enough time to relax during the cycle (2”/w). Hence the collagen chains remain

stretched throughout the oscillation cycle. This explains the increasing trend of ¢ with

frequency.
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Figure 4.26: Effect of tanning on ¢ and ¢ for bovine hide versus
frequency

4.3 Effect of artificial UV radiations on viscoelasticity

In this section, curves of viscoelastic properties for samples irradiated for different time
durations were plotted on the same graphs to compare their magnitudes across the
experimental temperature and frequency sweeps. The comparison of the curves enabled

inferences of the effect of the radiation on the properties.
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4.3.1 Storage modulus (E")

Storage modulus (E') with no UV radiation

The storage moduli (E") of non-irradiated (control) pickled and tanned hides are shown
in figure 4.27. Pickled hide showed progressive increase in E' with temperature to two
distinct peaks of 1192 and 1101 MPa at temperatures 110 °C and 195 °C, respectively.
There was aminimum E’ of 820 MPa at 135 °C and a drop to almost zero at 210 °C. Tanned
hide similarly showed a peak of 1418 MPa at 225 °C. Minimum E’ of 813 MPa and 765
MPa occurred at 40 °C and 85 °C respectively. During pre-tanning, tanning processes and
exposure to the atmosphere, collagen matrix absorbs water into its structure (Mandal et al.,
2010). Increase in temperature dehydrates the collagen of the water making the fibrils and
bundles to come together making the structure more compact and stiff increase in E’
(Budrugeac et al., 2010; Cucos et al., 2011). After the first peak, E’ decreases due to
melting of the amorphous fraction of the collagen. An increase in temperature beyond the
second peak causes water molecules in the collagen to compete for energy with the
hydrogen bonds that maintain the triple-helix configuration causing unwinding of the
triple-helix (denaturation) and finally formation of localized gel in the case of pickled hide
(Cucos et al., 2011). Denaturation causes a decrease in the storage modulus. This process
has also been referred to as melting of the native crystalline (rigid) collagen or shrinkage
of the native collagen both denoting glass transition (Gangopadhyay et al., 2000;
Jeyapalina et al., 2007). During this melting, there is increased mobility of the
macromolecular chains that weaken the intra and inter collagen bonds hence decreased

storage modulus.
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Figure 4.27: Effect of tanning on E' for bovine hide

Storage modulus (E') with UV radiation

The effect of UV irradiation on E’ for pickled hide is illustrated in figure 4.28. At
temperatures lower than 110 °C, the control sample had the lowest E'with the irradiated
samples showing inconsistent increase and decrease. However, there was a visible
characteristic trend such that the sample irradiated for 30 hours had the highest E’ followed
by 24 hours, 12 hours followed by 18 hours then 6 hours. Higher irradiation showed
significant increases in E’. Results agree with the study by Liu et al. (2011). Collagen
amino acids possess endogenous chromophoric sites (aromatic residues) such as tyrosine
and phenylalanine which absorb the UV irradiations in the range of 250-300 nm
(Sionkowska et al, 1999; Sionkowska et al., 2004; Metreveli et al., 2010; Zhang et al.,
2011). The energetic UV radiations initiate photodegradation of these aromatic amino acids
to form crosslinks called dityrosine (Kato et al., 1994; Miles et al., 2000; Paul and Bailey,
2003; Sionkowska et al., 2004; Metreveli et al., 2010). This increases the hardness and
stiffness of the collagens hence E’(Theodossiou et al., 2002; Metreveli et al., 2010). Further
absorption of the UV irradiation forms new photoproducts such as pentosidine and
pyridinoline that add more crosslinks (Fathima et al., 2007; Sionkowska et al., 2013).
However, the concurrent polypeptide chain scission and crosslinks initiated by the UV
irradiation cause intermediate magnitudes of storage modulus. similarly, water molecules

in the collagen matrix splits under UV irradiation forming radicals which attack peptide
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backbone radicals (-NHC-CO-). The radicals recombine forming covalent bonds together
with the subsequent modification of the amine and carboxyl groups’ crosslinks that
increase the E’'(Weadock et al., 1995). This agrees with results obtained by Sionkowska et
al. (2001) who cited the intermediate magnitudes to be as a result of competing processes
of peptide bond scission events arising from the free radical mechanism of the aromatic

residues donating free electrons.
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Figure 4.28: Effect of UV radiation on E’ for pickled hide

The effect of UV radiation on the storage modulus for tanned hide is shown in figure
4.29. The samples irradiated for 30 minutes, 3 hours, 12 hours, and 30 hours had lower E’
than the control sample while sample irradiated for 6 hours and 18 hours had higher E’
than the control. From 30 minutes the E’ increased to the highest value at 6 hours through
3 hours. Thereafter, E' decreased through irradiation time of 12 hours and 18 hours to 30
hours. From 0-30 minutes, the decrease in E' indicates the photodegradation of collagen
along its main chains with scission of — CH2— N =and = CH> bonds. It is likely due to
the breaking of N —H - - -O = C inter-chains hydrogen bond as well as losing the bonding
water in collagen (Kaminska and Sionkowska, 1996). Thereafter, E’ starts to increase
slowly to 6 hours where the magnitude is highest. This can be attributed to the crosslinking
as a result of formation of dityrosine, pentosidine and pyridinoline. Further irradiation and
increased absorption causes photodegradation and photolysis that weaken the bonds and

decrease the storage modulus. Comparing figure 4.28 and 4.29, the trends are different.
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Apart from the tyrosine, phenylalanine, pentosidine and pyridinoline that increase UV
absorption, the presence of chromium ions act as synthetic polymer or special inorganic
pigment increasing absorption (Sionkowska, 2000; Christner, 2007). Similarly, tanning
makes the leather structure compact lowering the percentage reflectance and increasing the
absorption (Christner, 2007). This absorption complicates further the polypeptide
crosslinking and chain scission. Absorption coefficient is affected by hydration level owing
to direct absorption by water molecules and subsequent vaporization (Fisher and Hahn,
2004). At higher irradiation duration, the maximum of absorption/scattering is almost the
same. Pickled hide behave as undyed crust which has high reflectance of the UV radiations
that scatter the radiation hence their impact on the structure is minimized (lonita et al.,
2010). Free radicals appearing in collagen water solutions under UV radiation and evoking
photodegradation of macromolecule (Metreveli et al., 2008).
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Figure 4.29: Effect of UV radiation on E' for tanned hide

4.3.2 Tan o

Tan & with no UV radiation

Effect of tanning on tan 9 is illustrated in figure 4.30. Both pickled and tanned hide
possess some damping capability useful to dissipate cyclic mechanical energy imposed on
it during deformation. As it can be seen in the figure 4.30 in the temperature range 55-165

°C, tanning slightly increases the dissipative capability of the collagen fibres as indicated
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by slightly higher tan 6 of tanned hide compared to pickled hide. However, this damping
is higher in pickled hide than tanned at temperatures higher than 165 °C.

=e=Pickled hide Tanned hide
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Figure 4.30: Effect of tanning on tan & for bovine hide

Tan & with UV radiation

Figure 4.31 illustrates the effect of UV radiation on tan 6 of pickled hide. Although
there were overlapping in tan 6 due to smaller values in the temperature range 35-210 °C,
there appears a characteristic trend. Tan 6 was highest in the specimen irradiated for 18
hours then it decreased in the order 12 hours, 6 hours, 3 hours then control. In the
temperature range 35-210 °C, the magnitudes of tan 6 were less than 0.5 implying the
elastic nature of the hide. Tan & increased rapidly higher than 210 °C, although only
samples irradiated for 12 hours and 18 hours recorded tan 6 greater than one. This implies
that pickled hide is predominantly elastic in nature within this temperature and frequency
range. The viscous component is only noticed at higher temperature when the mobility of
the peptide chains associated with the dissipation of energy in form of heat is high (Asif et
al., 2005).
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Figure 4.31: Effect of UV radiation on tan & for pickled hide

The effect of UV radiation on tan o for tanned hide is illustrated in figure 4.32. In all
the samples, the tan 6 increased rapidly temperatures greater than 180 °C. This is due to

increased chain mobility that increases the energy dissipation in form of heat.
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Figure 4.32: Effect of UV radiation on tan & for tanned hide

4.3.3 Dynamic Viscosity (n)

Dynamic Viscosity (1) and complex viscosity (n*) with no UV radiation

The effect of tanning on dynamic viscosity and complex viscosity is illustrated in figure
4.33. The dynamic viscosity, 1 increased with temperature for both hides, forming peaks
at different temperatures. This means that resistance to flow or permanent deformation
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increases with temperature, an observation that agreed with the results obtained by Odlyha
et al. (2000). The initial increase of ) with temperature is possibly due to the increasing
hydrophobic interactions among the collagen molecules as collagens associate more at high
temperatures (Li et al., 2014). With increasing temperature, energy for heat motion of the
polypeptide chains increases and thus the resistance to segment motion becomes weaker
leading to drop in n (Zhang et al., 2010). In addition, the increase drives the molecular
mobility of the collagen chains and thus breaks the weak interactions such as hydrogen
bonds (Xue and Sethi, 2012). During melting or denaturation of the collagen, the triple-
helix of collagen collapse to a random coil with weak intra and inter molecular hydrogen
bonding that hold the secondary structure of collagen (Sai and Babu, 2001; Pietrucha, 2005;
Fathima et al., 2009). This leads to a decreasing trend in 1. At temperatures higher than
195 °C, the n of pickled dropped continuously while it increased rapidly in tanned hide.
This is probably due to the chrome tannins that generate additional crosslinks of collagen
fibrils leading to reinforcement of the tanned hide at higher temperatures (Cucos and
Budrugeac, 2010). The 1 curves peaks in pickled hide were sharper than those observed in
tanned hide. The major peaks in dynamic viscosity for pickled hide were at 115 and 195
°C of magnitudes 60 and 90 MPasec, respectively and a minimum of 45.65 MPasec at 130
°C while at 135 °C of 45.55 MPasec in tanned hide. However, the major peaks in complex
viscosity for pickled hide occurred at 105 °C and 175 °C but at 110 °C and 225 °C for
tanned hide. Beyond 175 °C for pickled hide and 225 °C for tanned hide, the viscosities
dropped drastically to almost zero. The breakage of the bonds that once stabilized the
secondary structure of collagen collapsed at the temperatures (Pietrucha, 2005). This is due
to collapse of the triple-helical structure (denaturation) that results in sudden fall in
viscosity Both dynamic viscosity, n and complex viscosity for pickled hide was greater
than tanned hide in the temperature range 75-205 °C. The collagen spaces created by the
swelling processes in tanned hide are filled up by the chromium ions. This leaves little
space for water absorbed. This explains why the increases and the peaks in tanned hide

were less sharp and small.
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Figure 4.33: Effect of tanning on n* and n for bovine hide versus

temperature

Dynamic Viscosity () with UV radiation

Figure 4.34 illustrates the influence of artificial UV radiation on n of pickled hide.

Control sample had the lowest n followed by the sample irradiated for 30 hours with the

specimen irradiated for 30 minutes having the highest n with a minimum of 439 MPasec

and a maximum of 949 MPasec at 185 and 100 °C, respectively. All the specimens showed

a distinct common trend, whereby the n reached maximum at 90-130 °C.
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The effect of UV radiation on the 1 of tanned hide is illustrated in figure 4.35.
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Figure 4.35: Effect of UV radiation on n for tanned hide

On the contrary, control sample had the highest n| than the irradiated samples. This implies
that n decreases with irradiation. This agrees with results from collagen studied by
Sionkowska et al. (1999) and Sionkowska et al. (2013). In both investigations, relative
viscosity decreased with time of UV radiation (Sionkowska et al., 2013). Results also agree
with the viscosity measurements by Fathima et al. (2007) on both native and aldehydes-
treated collagen (Fathima et al., 2007). The reduction in 1 can be attributed to the free
radicals causing breaking of intermolecular bonds of triple-helical molecule (Kato et al.,
1994; Fathima et al., 2007). The presence of chromium ions in the collagen matrix act the
role of synthetic polymer that increase the absorption of UV radiation as observed in a
study by Sionkowska (2000). Increased absorption causes major photodegradation and
scission in the main chains and hence weak stability that leads to decreased n for irradiated
samples (Fathima et al., 2007). Similarly, the distinct bluish color of the tanned hide makes
it good in absorbing UV radiation than the high reflecting undyed pickled crust which
scatters most radiations hence minimizing their effect on the structure (lonita et al., 2010).
These results closely correlate with those of Olle et al. (2011) whereby the chrome tanned
leather was strongly affected by the UV radiation than the wet white leather.
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CHAPTER FIVE
CONCLUSIONS AND RECOMMENDATIONS
5.1 Conclusions
5.1.1 Tensile tests

Percentage elongation and tear strength of samples cut perpendicular to the backbone
were significantly higher than for samples cut parallel to the backbone (p = 0.00114 and p
= 0.00508, respectively). However, tensile strength for samples cut perpendicularly was
significantly lower than for samples cut parallel to the backbone (p = 0.02099). Indeed
tanning significantly increased the tensile strength (p = 0.0344) but decreased both
percentage elongation or elasticity and tear strength (p = 0.000236 and p = 0.0176) of
bovine hide. The measured values of tear strength, tensile strength and percentage
elongation have shown that indigenous Kenyan Boran bovine hide meets the required
standards for leather as per the United Nations Industrial Development Organization
(UNIDO) and British Standards.

5.1.2 Solar radiation

Chrome-tanning has been shown to enhance majority of viscoelastic properties and
thermal stability to temperatures as high as 235 °C. Tanning also decreases the dissipative
or hysteric or damping ability of the hide

Solar radiation has shown to initially decrease storage modulus within 6 hours but
subsequent 12, 18 and 24 hours improved the storage modulus gradually. However, within
the entire irradiation duration of 6-24 hours, the modulus was still less than that for non-
irradiated sample, which reveals the negative impact of natural solar radiation. Irradiation
has shown to progressively decrease thermal stability. Indeed the leather industry needs to
find an alternative drying technique other than sun-drying to guarantee good quality
leather.

Thermal-mechanical analysis proved to be a useful technique for assessing the effect

of tanning and natural solar radiation on hide.
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5.1.3 Artificial UV radiation

It was found that UV radiation increases the storage modulus (E’) of pickled hide
whereas in tanned hide, irradiation increased E’ up to maximum at 6 hours followed by
consistent decrease with irradiation until 30 hours. It was noticed that tanning increases the
damping capability as indicated by higher tan & in tanned than pickled hide. The results
also show the predominant elastic nature of hides. In pickled hide, tan & consistently
decreased with irradiation. Irradiation increases n in pickled hide while decreases n in

tanned hide.

5.2 Recommendations

The tensile properties showed that Boran bovine hide meets the international UN
standards for leather. The study therefore recommends the rearing of Boran breed since it
is indigenous and adaptable to the local conditions. This would enhance the livelihood and
ensure supply of raw materials for the leather sector.

Leather industry to use alternative drying mechanism other than drying on tanned hide
since tanned hide absorbs more solar radiations. If possible, the sun drying process can be
customized to individual needs of the application. Chrome should be customized based on
the individual applications of the material especially design of devices and materials for
purposes of earplug, vibration abatement, reduction of mechanical shocks, instrument
mounts and controlling rebound and resisting rolling.

Solar radiation has shown to initially decrease storage modulus within 6 hours but
subsequent 12, 18 and 24 hours improved the storage modulus gradually. However, within
the entire irradiation duration of 6-24 hours, the modulus was still less than that for non-
irradiated sample, which reveals the negative impact of natural solar radiation. Irradiation
has shown to progressively decrease thermal stability. Of course this calls for more
researches to be done at more than 24 hours of solar radiations. Indeed Kenyan leather
industry need to find an alternative technique for drying other than sun-drying to guarantee
quality leather.
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