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ABSTRACT 

The possible application of the FT Raman, Raman micro-spectroscopy and ATR-

FTIR micro-spectroscopy, have been investigated for distinguishing between wool 

and mohair. Highly identical Raman and FTIR spectra were obtained from the two 

fibre types, indicating that indeed they share similar basic molecular structural 

chemistry. The analysis of the amide I through curve fitting of wool and mohair FT 

Raman spectra showed that the protein and polypeptide secondary structure exists 

mainly in the α-helical structural conformation with smaller proportions of β-pleated 

sheet and β-Turns. These proportions, however, could not be used to distinguish 

between wool and mohair, due to the significant overlap observed between the two 

fibres. 

This study also determined the disulphide contents for possibly distinguishing 

between wool and mohair fibres, with the average and standard deviation values of 

0.20±0.04 and 0.17±0.03 for wool and mohair, respectively, being found. Despite the 

mean values being found to differ statistically significant (p<0.05), a considerable 

overlap was observed, posing a doubt in the possible application of the method for 

distinguishing between the two fibres and blend composition analysis of the two 

fibres. 

The application of ratiometric analysis, based on the relative peak heights of certain 

FT Raman bands, showed that a combination of ratios A (I2932/I1450) and D (I508/I1450) 

could hold great potential in distinguishing between wool and mohair fibre samples. 

The individual values of ratios A and  D varied a great deal from one mohair sample 

to the other and even more from one wool sample to another, with the individual 

values for ratio A ranging from 2.71-3.68 and 2.35-3.08 for wool and mohair, 

respectively, while ratio D ranged from 0.18-0.32 and 0.17-0.22 for wool and mohair, 

respectively. An important observation from this study is that if, for an unknown 

sample, if individual values of ratios A and D exceed 3.1 and 0.22, respectively, are 

found then the sample is most likely to be either a pure wool or blend of wool and 

mohair, whereas if all the values fall below the two threshold values, then the 

unknown sample can be declared a pure mohair sample.   
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A Raman spectral database or library of approximately 100 high quality Raman 

average spectra of wool and mohair fibres has been established for the Bruker 80V 

FTIR/Raman spectrophotometer at the Nelson Mandela University (NMU). Although 

this has not been fully validated due to the unforeseen frequent breakdown 

encountered with the FT Raman system, at this stage, it has been realized that 

verification of unknown materials is highly possible. A great need for the 

development of a classification model based on multivariate or chemometrics has 

been realized. 

An ATR-FTIR LUMOS micro-spectroscopic system was also investigated for the 

possible application in distinguishing between wool and mohair single fibres. The 

amide I/II band ratios were determined for both wool and mohair fibres to distinguish 

between the two fibre types. The mean and standard deviation values of 1.20±0.02 

and 1.21±0.01 for mohair and wool, respectively, were found and were shown not to 

differ statistically significant (p˃0.05). The secondary structure analysis showed that 

the content of the α-helical secondary structure might be different between the two 

fibre types, with a great overlap of individual values, however, being observed 

between the two fibre types (wool and mohair), raising concerns in the possible 

application of the α-helical content for distinguishing the two fibres.      
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CHAPTER ONE 

INTRODUCTION 

1.1 BACKGROUND OF THE STUDY 

There is a group of natural animal fibres, popularly referred to as speciality, luxurious 

or rare fibres, since they possess an image and properties considered to be superior 

to those of sheep wool. The family of speciality animal fibres includes cashmere, 

mohair, camel hair, Angora rabbit hair, alpaca, yak, etc. (Sawbridge and Ford, 1987). 

Cashmere and mohair fibres are two of the most important of the speciality fibre 

family due to their outstanding properties, such as fineness and lustre (Phan and 

Wortmann, 1996). Wool and speciality fibres grow from the skins of their respective 

animals and these fibre types resemble each other in physical and chemical make-

up, hence the difficulty in their identification and classification particularly when 

blended together. Fibres from different animal species (particularly goat hair, sheep 

wool or camel hair) are sometimes blended to achieve various effects, such as 

improved properties (additional beauty, colour, softness, durability or lustre), special 

effects and often for cost savings (von Bergen, 1963). Unfortunately, the latter 

benefit, cost savings, has led to certain unscrupulous dealers blending a less 

expensive animal fibre, such as sheep wool, with a more expensive one, while 

passing it off as an unblended product, containing 100 % of the more expensive 

fibre. Wool (sheep hair) is the most widely produced animal fibre (Popescu and 

Wortmann, 2010). Its core material is α-keratin, a protein contained in the cortex or 

the body of the fibre, with the fibre surface covered by a layer of overlapping cuticle 

scales like roof tiles or fish scales. This also applies to most of the other animal 

fibres. Nevertheless, the physical dimensions of the scales and the pattern, or form, 

in which they are arranged on the fibre surface generally vary for different animal 

fibre types and may even vary for different fibres from the fleece of one animal. The 

analysis of animal fibre blends has traditionally relied on the use of Light Microscopy 

(LM) and Scanning Electron Microscopy (SEM), to differentiate between different 

animal fibre types based upon differences in the fibre surface characteristics. Figure 

1.1 shows the animals producing speciality or rare fibres.  
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 Figure 1.1: Origin of speciality animal fibres (von Bergen, 1963). 
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The methodologies underpinning these techniques are documented in the 

International Wool Testing Organization (IWTO-58, 1998), the Technical Manual of 

the American Association of Textile Chemists and Colourists (AATCC,  1971), 

American Society for Testing and Materials (ASTM, 1993) and also in the ISO 

International Standard Organisation (ISO-17751, 2007) test methods. Fibre 

identification and characterization are not only the problem of the textile industry but 

are also one facing the forensic science field, where identification of animal and 

human hairs is crucial for solving criminal cases. The ability to determine the 

composition of textile materials (fibre, yarn or garment) is of high necessity for 

various organizations such as textile manufacturers, import and export houses, 

government agencies, R&D institutes, and academic institutions (for carrying out 

applied research), investigation such as archaeological studies for identification of 

ancient textile fibres from various archaeological tracts, case analyses by legal 

experts, and so on (Zhong and Xiao, 2008). Fibre identification plays a huge and 

crucial role in the textile industry world-wide, in terms of product labelling and 

certification, and also in dealing with the problem of unscrupulous adulteration of 

expensive fibres with less expensive ones and then misrepresenting the blend 

composition in the product label (Kurabayashi et al, 2009). The high demand for 

speciality fibres, such as mohair and cashmere, their scarcity and their high prices 

compared to sheep wool are believed to be the main reasons for this unscrupulous 

adulteration and false labelling of the fibre content of mohair textile products. 

Misrepresentation or wrong declaration of fibre content in garments represents a 

multi-million-dollar fraud, and downgrades the image of superb quality of speciality 

fibres, such as cashmere, mohair and camel hair (Hamlyn, 1998). 

An important issue often encountered by customs officials, retailers and consumers, 

is whether the blend composition specified on the label of a textile product accurately 

reflects the actual blend composition in the product. This is of particular importance 

where luxury or speciality fibres, such as cashmere and mohair are involved which 

carries a price premium and an image of high quality. For example, one of the big 

questions the textile industry is confronted with is whether the one hundred percent 

cashmere labels found on textile products are true or just persuasive advertising. 

The knowledge of the exact fibre making up the fabric or material is of high 

importance in the value of the fabric and this is because different fibres possess 
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different properties, which may significantly affect the properties and value of the 

textile material. For example, a consumer paying for a high price cashmere, mohair 

or silk material would be mostly unhappy to discover that that the material is made of 

only polyester. The stringent labelling legal regulations within the EU and the Wool 

Products Labelling Act have forced the fibre content of yarns, fabrics and garments 

to be indicated (labelled) in order of predominance, with the corresponding name of 

the fibre component. Every fibre component greater than five percent in a textile 

must be stated (McGregor, 2012). Characterization and identification, and hence 

quantification, of different fibre types present in a textile product is a necessary and 

an important step in the accurate labelling of such products (Wortmann and 

Wortmann, 1992). This requires knowledge of all factors defining or distinguishing 

every type of fibre, animal or otherwise, present in the textile product. Kadikis (1987), 

in his research article, stated that each type of fibre found in a blend of animal fibres 

has its own unique set of defining characteristics, or fingerprint, such as the size, 

shape and frequency of scales, fibre diameter, distribution of pigmentation and fibre 

medullation, enabling its identification and classification. Nevertheless, in some 

cases, using such characteristics alone, does not provide for accurate determination 

of the composition of textile products containing blends of certain animal fibres, such 

as wool and mohair. A variety of techniques have therefore been proposed and 

investigated for their applicability in the identification of animal fibres, and various 

studies have been undertaken to determine the specific characteristics of different 

types of animal fibres which can be used in their identification. In spite of all these 

efforts, however, the only internationally accepted technique or method for 

distinguishing between certain animal fibres, such as wool and mohair, in a blend, 

and for accurately quantifying the blend composition, is that based on cuticle scale 

height, using a scanning electron microscope (SEM) (Wortmann and Arns, 1986). 

This method, however, is slow, labour intensive, and expensive and somewhat 

depend upon the experience of the operator. Hence, the need for the development of 

a reliable, accurate, objective and cost-effective method, Hamlyn et al., (1995) 

stating that a sophisticated and complex high technology solution is a necessity to 

meet some of these requirements. More specifically, such a technique or method 

must, for example, be able to distinguish between lustre wools, and speciality fibres 

(e.g. cashmere, mohair, and rabbit hair), with which they are often blended. It must 
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also be able to distinguish between different speciality animal fibres, such as mohair, 

cashmere, camel hair, etc. 

1.2 PRODUCTION, QUALITY AND PROCESSING OF SOUTH AFRICAN WOOL 

AND MOHAIR FIBRES 

1.2.1 South African Wool and Mohair Fibre Production and Quality 

According to Hudson et al., (1993), the earliest use of wool fibre occurred before 

recorded history as it is believed that sheepskin, including the hair, was used long 

before it was discovered that the fibres could be spun into yarns or even felted into a 

fabric. The major source of the world‟s wool fibre is Australia, constituting about 25% 

of greasy wool of the world market. Other countries also contributing considerable 

amounts include China, New Zealand and Argentina (see Table 1.1). South Africa 

makes the list of other countries that contribute substantial amounts in the world‟s 

total production of wool. South Africa, a vast and beautiful country, prides itself with 

its rich history of sheep and wool farming. This long history has established wool 

growers who have a keen appreciation of how to care for their animals and the 

environment. As a result, the industry consistently generates a high quality, 

environmentally sound product for international markets. There are various sheep 

breeds worldwide, making a total of approximately 500 different breeds of domestic 

sheep, with merino sheep being well known for producing wool of high softness, 

fineness and their high-quality wool for apparel, with also a wide variety of merino 

bloodlines found to exist. The textile industry processes substantial amounts of fibre, 

obtained from a variety of animals, of which wool from sheep is one of the 

commercially important for South Africa. The composition of wool sheep in South 

Africa is predominantly merino and Karakul while 74% of wool clip is predominantly 

merino clip. Coarse and pigmented fibre types, however, are also produced and 

marketed on a limited stock. More than 50% of South African wool is produced in two 

provinces, namely the Eastern Cape (34%) and the Free State (24%) followed by 

Western and Northern Cape at 20% and 13%, respectively (source: DAFF, 2016). 

The fineness of Merino wool, often used in apparel textile materials, usually ranges 

from 10-25 microns while coarse ones around 75 microns gets application in making 

carpets and upholstery.   
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Mohair is produced by the Angora goat and it is sometimes referred to as “The 

Diamond Fibre” because of its natural outstanding lustre, due to its relatively large 

cuticle surface and also the flat scale edges compared to sheep wool (Hunter, 1993). 

According to Shelton, 1993, it is common knowledge that Angora goats were 

originally developed in the region known as Asia North Minor, which lies between the 

Black Sea and the Mediterranean where Turkey is situated. It is believed that these 

fibre producing goats inhabited the area of Asia Minor for at least 2000 years. In the 

beginning of the 1600s the Angoras were exported to different countries, mostly in 

Europe, aiming at establishing mohair industries in these areas. For various reasons, 

these attempts could not come through and the first major mohair industries were 

established in South Africa and the United States of America (USA). The first Angora 

goat imports from Turkey reached South Africa in 1838 (Shelton, 1993). This mohair 

fibre belongs to a class of fibres popularly known as speciality or luxury animal 

fibres, as shown Figure 1.1, and is amongst the most ancient fibres known to man. 

The world‟s production amounts to approximately 5000 tons per year and South 

Africa contributes a major portion than any other country, constituting approximately 

53 % of the world‟s total production (Musango et al., 2017). Other countries include 

Texas, Australia, Argentina, Lesotho and New Zealand.  

The low flammability, felting, pilling and good durability, elasticity, resilience, 

resistance to soiling, soil shedding (it brushes clean easily), insulation and comfort 

are just a few properties making consumers to run after this fibre. Mohair‟s 

outstanding lustre, soil shedding, smoothness, low soiling, and low felting all relate to 

its faint pattern of its surface scales. The coarseness of this fibre has its limitations 

when it comes to certain luxury apparel applications when compared to other rare 

fibres, however it has proved to be virtually unsurpassed when it comes to non-

apparel applications such as furnishings, blankets, and upholstery. The mohair 

grown in South Africa is generally referred to as Cape Mohair and it is widely 

regarded as one of the best, finest and highest yield in the world (Hunter, 1993).   

1.2.2 Processing of Raw Animal Fibre 

Before they are made into a finished textile product, animal fibres, such as wool, 

mohair and cashmere, must go through a number of chemical and physical 

treatment stages to assist in improving certain properties (Mozaffari-Medley, 2003). 
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The appropriate treatment depends mainly on the nature of the raw fibre and the 

intended end-use of the material. These chemical and physical processes may affect 

the morphological or chemical structure of the fibre which in turn may affect the 

accuracy of the identification or classification of the fibre. The next section looks at 

some important processing stages which animal fibres usually undergo. 

1.2.2.1 Cleaning and Scouring 

Wool taken from sheep skin is often called “raw” or “greasy” wool because it contains 

considerable amounts of foreign material or natural contaminants such as sand, dirt, 

grease, dried sweat popularly known as suint, and pesticide residues from treatment 

of sheep to prevent disease. Mohair contains far less grease, (about 4-6% compared 

to about 15% of Merino wool) (Hunter, 1993). The water soluble suint and other 

heavy dirt particles are removed by washing the raw animal fibre with water at 32 ˚C 

to 42 ˚C and the water insoluble wool grease is removed by treating the desuinted 

wool with a mixture of detergent and sodium sulphate (or chloride) at 65 ˚C. As 

detergent scouring yields waste of very high strength, some wool mills prefer to 

remove the impurities by solvent scouring wherein the desuinted wool is scoured 

with organic solvents such as benzene, carbon tetra chloride, ethyl alcohol methyl 

alcohol or isopropyl alcohol. Although solvent scouring removes grease effectively, 

dirt is not readily removed. Thus, a detergent wash generally follows solvent 

scouring. 
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Table .1: World total production of wool fibre (Wilcox, 2018). 
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1.2.2.2 Carbonizing 

This is a final processing stage in the removal of vegetable matter in the wool fibres 

which may have been left behind during the scouring process (Halliday, 2002). The 

wool fibres, impregnated with sulphuric acid solution, are oven dried at 100 ˚C to 104˚C 

followed by mechanical agitation. The acid degrades the cellulosic impurities without 

damaging the wool fibres. During drying, the sulphuric acid becomes more concentrated 

due to water evaporation resulting in burning of remaining impurities. The fibres are 

then passed through pressure rollers to crush the solid carbon residue. The loosened 

carbon residue is removed from the wool by passing it through the mechanical agitators 

called dusters. The fibres are then rinsed with water, passed through baths containing 

carbonate solution to neutralize the residual acid, washed again and then dried.  

1.2.2.3 Moth proofing 

Wool fibres are often treated with standard insecticides to protect them against attack 

by moths and other insects (Mozaffari-Medley, 2003), with mothballs or naphthalene 

balls often being used for this purpose. It is common practice that the insecticide is 

applied in the same manner as a dyestuff (making it bind well with the fabric) for the 

insecticide to last longer. Naphthalene balls have been used to protect some wool 

samples that were used in the current study.     

1.3 SIGNIFICANCE OF THE STUDY 

South Africa is the major producer of mohair, contributing approximately 60% of the 

world‟s total production (Department of Agriculture, forestry and fisheries, 2016). Mohair 

is known for its outstanding superb quality characteristics, such as lustre, resiliency, low 

wrinkling, low flammability, durability, moisture management and comfort, and this has 

resulted in a certain positive or superior image and prestige being associated with 

products on which the label „mohair‟, even more so „Cape Mohair‟, appears, and for 

which consumers are generally prepared to pay a premium. Nevertheless, this positive 

image, together with the associated premium price, has led to certain unscrupulous 

operators „adulterating‟ mohair by blending it with other cheaper and inferior animal 

fibres, such as lustre wool, but still trading their product as pure mohair. Similar 
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considerations apply to other luxury animal fibres, notably Cashmere. Because of the 

damage (financial losses, prestige, image, etc.) caused by such illegal practices, 

considerable research has been devoted towards developing test methods which can 

reliably distinguish between different animal fibres, such as mohair and lustre wool, one 

of the most widely accepted ones being that based on differences in scale height, 

measured by means of a Scanning Electron Microscope (SEM) at magnifications of up 

to 25 000X. Other potential methods which have been researched, but which have 

various potential drawbacks, such as complexity, cost and lack of accuracy, include 

mitochondrial DNA, lipids and amino acid composition. None of these have as yet 

received wide acceptance. The purpose of this research is to investigate the possible 

application of Raman spectroscopy in distinguishing between wool and mohair fibres, 

particularly when in blends. Traditionally, blend composition of animal fibres relies on 

the use of the cuticle scale height (CSH) measurement using the scanning electron 

microscope (SEM). This method has been documented as an international standard 

(IWTO-58, 2000) for distinguishing between different animal fibre types. However, this 

test method is slow, labour intensive, and expensive and somewhat depend upon the 

experience of the operator. Thus, a reliable, accurate, objective and more cost-effective 

method is required.  

Because South Africa is a world leader in the production of quality mohair, it is important 

to be able to carry out mohair blend analysis and certification locally. In view of this, 

efforts have been directed towards establishing such a facility and capability in South 

Africa, specifically, Port Elizabeth. Because of the high expertise and infrastructural and 

labour costs associated with the SEM method, it is important to search for, and develop, 

less complicated and expensive, but equally accurate, and preferably automated or 

semi-automated systems. In this respect, isotope, RAMAN/FTIR and amino acid 

analysis-based methods would appear to hold potential, the latter also possibly lending 

itself to engineering mohair quality through appropriate nutrition and breeding. 
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1.4 AIMS AND OBJECTIVES 

This research study was mainly aimed at investigating the possible application of 

vibrational spectroscopy techniques (Raman and IR spectroscopies) for 

characterization, classification and identification of wool and mohair fibres and their 

blend composition analysis.  

1.4.1 Objectives 

1. To characterize the secondary structure of wool and mohair proteins and 

polypeptide chains using FT Raman spectroscopy.  

2. To investigate the application of the peak height based ratiometric analysis for 

specific FT Raman spectroscopic bands in distinguishing between wool and 

mohair fibre samples.   

3. To build and validate an in-house FT Raman spectral library or database for pure 

wool and mohair from different countries (i.e. library calibration and validation) for 

the Bruker 80V FT Raman spectrophotometer.  

4. To characterize wool and mohair fibre properties using Raman micro-

spectroscopy.  

5. To characterise wool and mohair single fibres using Attenuated Total Reflectance 

(ATR) Fourier Transform Infrared (FTIR) micro-spectroscopy.   

1.4.2 Thesis Outline 

This thesis is composed of five chapters, with chapter one providing a general 

background of the study and also describing the importance of animal fibre identification 

and quantitative analysis of their blends. The production of wool and mohair fibres 

worldwide and their processing are briefly explored. The same chapter also outlines the 

aims and objectives of the study. Chapter one ends off by providing some brief theory 

behind the operation principles of Raman and infrared spectroscopic techniques. The 

second chapter, i.e. chapter two, describes the physical and chemical structure of 

natural animal fibres. It also reviews, comprehensively, previous work of different 

characterization techniques used in the identification and classification of different 

animal fibres and composition analysis of their blends. The limitations experienced in 
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the identification of different animal fibres and blend composition analysis using these 

techniques are also explored. The chapter ends-off by providing the motivation for 

pursuing the current research study. In chapter three the experimental plan, sample 

preparation and the characterization techniques used in the present study are 

discussed. The possible sources of experimental errors are also briefly described in 

chapter three. The results from different techniques utilized in the current research 

study and the comprehensive discussion of these results is provided in chapter four. In 

this chapter, the comparison of results of this study with the previous literature is done. 

Finally, chapter five contains the general conclusions of this research and also outlines 

some recommendations for the future. 

1.5 THEORY OF VIBRATIONAL SPECTROSCOPY 

Spectroscopy is defined as the study of interactions between electromagnetic radiation 

and matter. Vibrational spectroscopy is a collective term often used to describe the two 

analytical techniques, namely infrared (IR) and Raman spectroscopy. These are non-

destructive and non-invasive techniques that provide information about the molecular 

composition, structure and interactions occurring within a sample. Naturally, IR 

spectroscopy and Raman spectroscopy possess capabilities and some shortcomings 

which sometime determines which technique to use for a specific application (Chalmers 

et al., 2012). The theory and basic operation principles behind these two techniques are 

briefly described in sections 1.61 and 1.6.2. 

1.5.1 Infrared Spectroscopy 

1.5.1.1 Brief Theory 

Infrared (IR) radiation is defined as that part of the electromagnetic (EM) spectrum 

between the limits of 0.7 and approximately 500 micro-meters and this region is 

between the visible and microwave regions. This can be subdivided into three sub 

regions namely near, mid, and far infrared (Potts, 1963). IR spectroscopy is a technique 

based on the vibrations of the atoms of a molecule. An IR spectrum is acquired by 

illuminating a sample with infrared radiation and determining what fraction of that 
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incident radiation has been absorbed at a particular energy (Stuart, 2004). For the 

quantum of radiation to be absorbed, the molecular vibration frequency must be 

identical to the frequency of the radiation as shown in equation 1.1 (Potts, 1963): 

                                            ……….…………….. 1.1  

Where ωquantum is the frequency of the radiation incident on the sample and ω vibration is 

the molecular vibration frequency. If the frequency of the quantum is not identical to that 

of molecular vibration, no interaction will occur between the molecule and the radiation 

which can cause a change in vibrational state. Not only are the correct energy 

requirements not fulfilled, but consideration of the instantaneous interaction of the 

changing dipole moment and moving alternating electric field shows that if these 

frequencies differ such instantaneous interaction eventually will be cancelled by one of 

exactly opposite phase. An IR absorption spectrum is a result of the two situations 

where an oscillating dipole absorbs IR radiation whose frequency is the same as its 

vibrational frequency and the fact that all other frequencies get transmitted unchanged. 

The intensity of the absorption band is proportional to the change in the dipole moment 

of the molecule. This technique is widely known as fingerprint of chemical compounds, 

meaning each compound present in the specimen will show its unique absorption band 

(Stuart et al., 1996). 

1.6.1.2 Fourier Transform (FT) IR micro-spectroscopy 

The first infrared microscope was invented in the mid 1960‟s. Fourier transform infrared 

(FTIR) microscopy is an analytical technique with conventional microscope attached to 

an FTIR spectrometer. FTIR micro-spectroscopy have received great application 

particularly for the identification and classification of single fibres in the forensic 

laboratories around the world. Some of the advantages of FTIR microscopes include the 

fact that they allow for rapid scan rates, multiplexing capabilities, minimal-to-no sample 

preparation, which have greatly reduced the time and effort required to obtain IR 

spectra of single fibres, and it is essentially non-destructive. Infrared microscopes share 

the same basic components as the conventional light microscope systems, namely an 

illumination source, an aperture, a condenser lens, the sample stage, an objective, an 
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eyepiece, and a detector. The process of acquiring an infrared spectrum begins with the 

infrared beam collected by a mirror after leaving the interferometer and is directed 

through a hole in the side of the spectrometer into the microscope. This beam allows 

the IR spectrum of the sample to be obtained. The condenser lens focuses this IR beam 

which is later collected by the objective. After the objective is an aperture which 

determines the area, on the sample, from which the infrared spectrum will be acquired 

and the upper aperture helps prevent the stray light from reaching the detector. Figure 

1.2 is a schematic diagram of an infrared microscope (Panaioyou, 2004): 

 

Figure 1.2: A schematic diagram of an FTIR system (Panaiotou, 2004). 

FTIR microscopes can be used in reflectance or transmission mode. Transmission 

samples suffer from what is known as “thickness problems” as the ideal thickness of the 

sample needs to be adjusted between 1-20 microns. The advantage of analysing 

samples in reflectance is that samples suffer less from thickness problem and as such it 

is not necessary to flatten the fibre to quite the same degree as in transmission mode. 

One disadvantage of acquiring spectra in reflectance is the fact that a lot of infrared 
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beam is scattered by the sample and thus is not collected by the Cassegrain and never 

reaches the detector. The result is the high noise compared to spectra collected in 

transmission mode, however the increased number of scans overcomes this problem. 

All infrared spectra reported in this study were acquired in reflectance mode and the 

number of scans used fairly improved the signal-to-noise ratio of the spectra 

(Panaiotou, 2004).  

1.5.2 Raman Spectroscopy 

1.5.2.1 Introduction 

In the late 1920‟s Chandrasekhara Venkata Raman reported the light scattering effect 

which has come to be known as the Raman Effect. Raman scattering is a fundamental 

form of molecular spectroscopy which is used to obtain information about the structure 

and properties of molecules from their vibrational transitions. The basic principle of 

Raman spectroscopy is based on the irradiation of a specimen with an intense laser 

beam in the UV, visible or near infrared region of the electromagnetic spectrum (Ferraro 

et al., 2003). When this happens, certain wavelengths are absorbed and some 

scattered, Raman spectroscopy is the study of the scattered radiation. This scattered 

radiation may be unchanged in wavelength (Rayleigh) or, a very small proportion might 

be slightly increased or decreased. In simple terms, the principle of the Raman 

spectroscopy is based on the removal of a certain amount of energy by the molecules 

present in the sample from the particles of the incident laser light illuminating the 

sample (Whiffer, 1966). Different types of Raman spectrometers have been developed 

to analyse these scattered light beams and the results are presented in the form of a 

spectrum.  

1.5.2.2 Instrumentation and Basic Theory of Raman Spectroscopy 

When electromagnetic radiation irradiates a molecule or particle, the energy or the 

frequency of that radiation may be transmitted, absorbed or it may be scattered. Raman 

Effect is a result of the scattering event when the electromagnetic radiation interacts 

with matter. Raman spectroscopy is, just like infrared spectroscopy, another powerful 

technique for determining molecular vibrations. Both of these methods often provide 
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similar spectra but notable differences also exist leading to the two techniques giving 

complementary information. Figure 1.3 (Herrero, 2008) illustrates a typical layout of 

dispersive Raman spectrophotometer: 

 

Figure 1.3: Schematic diagram of an FT Raman spectrometer (Herrero, 2008). 

Different interactions of matter with the electromagnetic radiation make the two methods 

distinct from each other (Günzler and Gremlich, 2002). When the incident photon 

interacts with a molecule (of the specimen), the following three events may be 

observable, namely absorption, emission and scattering. 
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Absorption: If the energy of the radiation, incident on the sample, is sufficient to excite 

an electron from a lower energy state to the higher state, then the applied radiation is 

absorbed.  

Emission: Occurs from excited molecule, at some time equal to or greater than the 

lifetime of the molecule in the initial excited energy state. The energy of the emitted 

photon corresponds to the difference between the two stationary energy states of the 

molecule. 

Scattering: This is a faster process (occurs in 10-14 s) and is due to the interaction of a 

photon and molecule when the photon energy does not correspond to the difference 

between any two stationary energy states of the molecule. Scattering may occur without 

a change in the frequency of the incident photon (Rayleigh scattering) or with some 

change in the incident photon frequency (Raman scattering) (Barańska et al., 1987). 

Figure 1.4 illustrates the energy-level diagram showing the states involved in Raman 

spectra: 

 

Figure 1.4: (a) Resonance fluorescence and (b) Rayleigh, Raman Stokes and 

Raman anti-stokes scattering. (0) Denotes the ground electronic state and (1) 

denotes the first excited electronic state. (ν) indicates vibrational energy levels 

(Barańska et al., 1987).  
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The laser beam can be considered as an oscillating electromagnetic wave with electric 

vector E which upon its interaction with the sample induces electric dipole moment P = 

αE, which deforms the molecules and facilitates their vibration with characteristic 

frequency νm. The monochromatic laser beam of frequency ν0, excites molecules and 

transforms them into oscillating dipoles. Such dipoles emit light of three different energy 

or frequency when: 

1. A molecule that is Raman inactive absorbs the monochromatic with the 

frequency ν0. The excited molecule returns back to the same basic vibrational 

state and emits light of the same frequency as the incident laser beam. This 

interaction is known as the Rayleigh scattering and is generally very strong. 

2. Absorption of the incident monochromatic light of frequency ν0, by a Raman 

active molecule which at the time of interaction is in the basic vibration state. Part 

of the incident beam‟s energy is transferred to the Raman-active mode with 

frequency νm and the result is the reduced frequency of the excitation source to 

ν0 – νm and this Raman frequency is called the Stokes frequency. 

3. A photon with frequency ν0 is absorbed by Raman-active molecule, which at the 

time of interaction, is already in the excited state. The excited molecule releases 

energy and returns to the lower vibrational energy state and the resulting 

frequency of the scattered light is increased to ν0 + νm and this Raman frequency 

is called the Anti-Stokes frequency.  

Raman scattering (Stokes and Anti-Stokes scattering events), as opposed to 

Rayleigh scattering, is a very weak process (1 in 107 photons). 

Raman micro-spectroscopy, a technique where a conventional microscope is attached 

to a Raman sepectrophotometer, allows for the examination of small samples, 

substantially less than a millimeter in size,  allowing high magnification visualization of a 

sample and Raman analysis with a microscopic laser spot (Baldwin et al., 2001). 

Raman micro-analysis simply involves placing the sample under the microscope, focus, 

and make a measurement. Lang et al., (1986 (a) and (b)) were amongst the pionnering 

researchers to apply Raman microspectroscopy in characterizing natural and synthetic 

fibres. The intensity of Raman-scattered light is inherently weak, and the strong 
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wavelength dependence (λ-4) results in the Ar+ ion laser (emmitting at 514.5 nm) micro-

Raman system, used in this study, offering a better Raman efficiency (of a factor 

approximately 18 times better (Gallimore et al., 2018), when compared to the 1064 nm 

excitation of the Bruker FT Raman system also used in this study. This implies that at 

514.5 nm excitation, shorter scanning or spectral acquisition times are involved 

compared to the necessary longer acquisition times involved at 1064 nm excitation for 

FT Raman spectrophotometer (Zhou, 2015).  

1.6 SELECTION RULES 

Both Raman and infrared absorption spectroscopy deal with vibrational transitions of 

molecules. Raman effect is mostly preferred in spectroscopic analysis due to the fact 

that not all conceivable vibrational transitions can give rise to absorption lines measured 

in infrared spectroscopy. The application of both these two spectroscopic techniques 

provides one with almost complete information about the vibrational spectrum of a 

molecule in the ground electronic state. These two methods are complimentary due to 

the nature of the phenomena on which they are based and also because of the differing 

nature of the measuring techniques involved and their specific usefulness in different 

structural and analytical problems (Barańska et al., 1987). The complementarity of 

Raman and infrared spectroscopy results from the different selection rules, which 

determine the appearance in the Raman and/or infrared spectrum of a band 

corresponding to a given vibration of the molecule. The selection rules may be summed 

up in two rules:  

 

(1) If the vibration causes a change in the dipole moment µ, it is active in the 

infrared spectrum. This occurs when the vibration changes the symmetry of 

charge density distribution, i.e. if:  

(
  

  
)
 
                     …………...…………  1.2 

.  

(2) If the vibration produces a change in the molecular polarizability α, it will be Raman 

active. This occurs if:   
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)
 
                                         ………………… 1.3 

 

where Q is the vibrational normal coordinate. One or both of these conditions may be 

fulfilled depending on the symmetry of the molecule. There exists the rule of mutual 

exclusion, which states that if there is a centre of symmetry in the molecule, a vibration 

that is active in the infrared spectrum is inactive in the Raman spectrum and vice versa. 

In the case of molecules lacking a centre of symmetry, a number of vibrations will 

appear in both spectra. These vibrations often differ with regards to their relative 

intensities. For instance, the vibrations of strongly polar functional groups are more 

readily observed in the infrared spectrum, while the vibrations of double and triple bonds 

and the carbon-skeleton of the molecule are better seen in the Raman spectrum. Totally 

symmetric vibrations are only (or much better) visible in the Raman spectrum. Table 1.2 

summarises some of the more common molecular bonds and their relative intensities in 

Raman and infrared spectra.    
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Table 1.2: Band intensities in the vibration-rotation infrared and Raman spectra 

(Barañska et al., 1987).   

Group IR (relative absorbance) Raman (relative intensity) 

Polar groups with high 

permanent dipole moment, e.g. 

OH, NH, CO 

Very strong  Weak 

C-S,  

S-S 

Si-O-Si  

Medium Strong or very strong 

C=C 

C≡C 

Strong Very strong 

Skeletal vibrations Medium  Strong  

Totally symmetric vibrations, 

particularly of aromatic and 

alicyclic rings 

Very low or zero 

(forbidden in IR) 

Strong or very strong 

1.7 QUALITATIVE AND QUANTITATIVE SPECTROSCOPIC METHODS 

Vibrational techniques are routinely used to qualify or identify chemicals of interest and 

may also be applied to quantify these chemical groups. IR absorbance and Raman 

scattered band intensity are both linearly proportional to the number density of the 

species substance giving rise to the band (Chalmers and Everall, 1993). A variety of 

techniques are available to users of modern infrared spectrometers which help in both 

qualitative and quantitative interpretation of IR spectra. Two principal methods exist for 

determining absorption maxima or peak heights, namely the cell-in-cell-out method and 

the baseline method (Potts, 1963). The latter is of interest for this study and Figure 1.5 

illustrates the base line construction on an infrared spectrum. 
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Figure 1.5: Baseline method of eliminating background absorption by means of a 

tangent (Stuart, 2004). 

Potts (1963) described the baseline method as a way of determining a closer 

approximation to the true absorbance of an IR chemical band. This method was 

adopted in this study to determine Raman relative and absolute peak heights as 

possible means for distinguishing between spectra acquired from wool and mohair 

fibres. Various factors may influence the band peak heights or intensities in a vibrational 

spectroscopic analysis. Kumar et al., (2015) discussed these factors, for FTIR and 

Raman spectroscopy, in detail. These factors include the background effects, sample 

effects, substrate effects and the variations in thickness of the sample. The ageing of 

the excitation radiation source, its improper functioning/alignment or incorrect focusing 

also significantly affects the intensities or peak height analysis Kumar et al., (2015). 

These researchers showed an increase in peak heights of certain Raman bands as a 

result of increased laser powers and argued that performing peak height ratio analysis 
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(ratiomentric analysis) could considerably minimize the effects. It is generally known 

that Raman scattering is a very weak event, with one Raman photon being produced for 

every 106 to 109 excitation photons incident on the sample (Cebeci-maltaş et al., 2017). 

Another factor which could possibly influence or interfere with the weak Raman 

scattering is that of fluorescence, this being more likely to be observed in spectra of the 

naturally self flourescent biological materials (Kumar et al., 2015). Sample impurities 

that are fluorescent may also contribute to the observed fluorescence inteference in 

Raman spectroscopy. Raman scattering strength is inversely proportional to the fourth 

power of the excitation laser wavelength, and as a result it is expected that a stronger 

Raman signal should be obtained when an excitation laser of a shorter wavelength is 

applied (Tuchel, 2016). Raman micro-spectroscopy, a technique where a conventional 

microscope is attached to a Raman sepectrophotometer, allows for the examination of 

small samples, substantially less than a millimeter in size (Baldwin et al, 2001). Lang et 

al (1986 (a) and (b)) were amongst the pionnering researchers to apply Raman 

microspectroscopy in characterizing natural and synthetic fibres. Cebeci-maltaş et al., 

(2017) showed the strong dependence of fluorescence on the excitation laser 

wavelength, strong fluorescence background being observed at the shortest excitation 

wavelength (514.5 nm). These researchers also showed that the application of a longer 

excitation wavelength (1064 nm) strongly suppresses the effects of fluorescence.   
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1.8 SPECTROSCOPIC LIBRARIES FOR IDENTIFICATION OF MATERIALS. 

The spectral database searching tool has, over the past years, become one of the 

powerful available tools receiving application in different spectroscopic (NMR, MS, IR 

and Raman) and chromatographic techniques for the identification and classification of 

materials of unknown identities. Spectral searching involves application of various 

algorithms to match a spectrum of an unknown material, sometimes referred to as query 

or a test spectrum, with each spectrum from a reference database. The conventional 

method used for identifying the unknown sample is searching through a list of reference 

database using a value known as the hit quality index (HQI). This value (HQI) is 

produced through the application of several search algorithms based on spectral 

correlation, Euclidean distance, least squares, sum of absolute difference and vector 

dot product (Stein and Scott (1994);  Lee et al., (2013); Howari (2003)) and determines 

if a correlation exist between an unknown spectrum (query) and the spectra from a large 

set/collection of known materials or compounds in the reference spectral database 

(Boruta, 2012). The hit list (a list of similar spectra in the database) is arranged such 

that the highest HQI values are at the top of the list and the higher the HQI the closer 

the unknown spectrum to the material/compound in the reference database. Tungol et 

al., (1990) argued that the most important and essential step in the development of a 

spectral database or library is based in establishing highly reproducible sampling 

methods. The current study briefly investigated some of the factors which were found to 

be posing a threat in the quality of the current spectral library are discussed later in the 

experimental chapter of this thesis, these including the random unevenness in the 

thickness of the fibre bundles and the different spectral acquisition time between the 

query and reference spectra. The traditional HQI search algorithm places more 

importance on the peak intensity, rather than peak position and other parameters, for 

identification of spectra of unknown identity. These band intensities may differ, for the 

same material, because of the difference in excitation wavelengths and conditions used. 

Recently, a novel scoring method has been developed to minimize the risk of spectral 

misidentification and misclassification resulting from intensity variations as a result of 

different excitation wavelengths (Park et al., 2017). This method called segment hit 

quality index (SHQI), was developed with the aim of mitigating the effects of varying 
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peak intensities on the HQI scores. An example of spectra of the same material but 

acquired on different instruments, of differing excitation wavelengths (514.5, 632.8, 785 

and 1064 nm), is shown in Park et al., (2017) with different HQI scores. In Boruta 

(2012), a percentage gap of HQI values between successive hits of the hit list was 

assessed as the possible means for quantifying the accuracy of spectral matching. The 

percentage gap was defined by equation 1.4: 

                                        gap %    
HQIn  HQIn 1

HQI1  HQI100
                    ……….…………  1.4           

Where HQIn and HQIn+1 are the successive HQI values of the nth hit and its successor 

n+1, respectively, HQI1 and HQI100 are the first and hundredth hits of the hit list, 

respectively.  This researcher concluded that “compared to the HQI values and the HQI 

gap between successive hits, the gap % appeared to provide the best results in 

estimating the quality of the spectral match” compared to using the HQI of the first hit 

and the gap itself. Perez (2001) argued that the most popular challenge in building 

spectral libraries is based on the fact that the spectra of solid materials depends not 

only on their composition but also depends on their scattering geometry, the wavelength 

of the excitation laser source and the inhomogeneous nature of the samples which 

brings fluorescence. The spectral database of wool and mohair fibre samples developed 

in this study is for spectra measured or acquired using the 1064 nm excitation laser 

source.     
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CHAPTER 2 

LITERATURE SURVEY 

2.1 INTRODUCTION 

This chapter reviews published work and methods dealing with animal fibre 

identification, classification and blend composition analysis; with the goal of identifying 

alternative methods or techniques with a potential for rapid and more cost-effective 

characterization and identification of animal fibres and quantification of their blends. 

Relevant techniques of particular interest include FT-Raman, Fourier Transform Infrared 

(FTIR) spectroscopy and the atomic force microscopy (AFM). The ease of use, the non-

destructive nature (to samples), together with the fact that these methods are fast 

compared to the laborious microscopic techniques, are motivating factors to pursue 

certain of these techniques. Understanding both the morphological and chemical 

structures of the animal fibres is important for their successful identification and these 

properties are briefly presented in this chapter. 

2.2 PHYSICAL AND CHEMICAL STRUCTURE OF ANIMAL FIBRES 

2.2.1 Physical (Morphological) Structure 

Natural animal or protein fibres, including wool, mohair and human hair, generally 

comprises of a hierarchical structure consisting of two physical or structural 

components, namely the cuticle and the central core known as the cortex, which are 

morphologically and chemically different (Carter and Edwards, 2001). A central canal, 

known as the medulla, may also be observed in coarser animal fibres, although it is 

largely absent from well-bred Merino type wool fleeces and mohair fibres. The 

properties of fibres are strongly related to the cellular components, both cuticle and 

cortical cells, and its constituent chemical components, such as proteins and lipids. 

Another component known as the medulla may also be found in coarse fibres (Popescu 

and Wortmann, 2010; Rouse and Van Dyke, 2010). The section that follows briefly 

discusses these structural components. 
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2.2.1.1 The Cuticle 

The cuticle surrounds and covers the inner components (cortex) of the fibre and 

consists of flat cells called cuticle scales. The cuticle scales are arranged in an 

overlapping fashion, like tiles in the roof or fish scales, and point towards the tip of the 

fibre (von Bergen, 1963). Each cuticle cell consists of three sub-layers namely the 

epicuticle, exocuticle and endocuticle, as illustrated in Figure 2.1. During the past 

decades, the animal fibre cuticle has been widely discussed, and also the subject of 

many studies (Gralen (1950), Bradbury and Chapman (1964), Bradbury et al., (1965), 

Fraser and Macrae (1980), Ley and Crewther (1980), with Jones et al., 1990 and 

(Hallegot and Corcuff, 1993) reporting a high content of sulphur in the cuticle region. 

The outermost layer of the cuticle, the epicuticle, is 3-6 nm thick, and is presumably 

derived from the plasma membranes of immature cuticle cells and consists of proteins 

and lipids. It is hydrophobic and resistant to chemical treatments such as dyeing and 

bleaching (Carter and Edwards, 2001). According to Marshall (1990), the protein 

component of this layer is rich in serine, glycine and glutamic acid, with a half cysteine 

content of 12% residues, which is considerably lower than the 35 % found in the 

outermost layer of the exocuticle. The detailed morphological structure of wool is shown 

in Figure 2.1:  

 

Figure 2.1: Physical structure of a wool fibre (Bradbury, 1976). 
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The exocuticle is a keratinous layer found underneath the epicuticle and is 

approximately 0.3 µm thick. This is the major constituent of the cuticle and comprises 60 

% of the cuticle‟s total mass. This layer is very rich in cystine. The exocuticle consists of 

two sublayers, the dense A-layer and the B-layer. The A-layer, which is about 0.1 µm 

thick, lies adjacent to the epicuticle and is believed to contain more cystine than the B-

layer (Bradbury, 1976).  

Between the exocuticle and the cell membrane complex (CMC) lies the endocuticle 

which is approximately 0.2 µm in thickness. The endocuticle represents approximately 

40 % of the cuticles‟ total mass and has very low levels of cystine, and is classified as 

non-keratinous. This layer, as a result, is mechanically weak and is more susceptible to 

chemical attack. According to Stewart et al., (1997), little is known about the wool cuticle 

proteins, due to the difficulty in isolating the cuticle from the wool fibre. Bradbury and 

Chapman (1964) reported on the ultrasonic disintegration for the isolation of different 

components of wool.  

Separating the cuticle and cortex is the cell membrane complex (CMC), a continuous 

network primarily consisting of proteins and lipids (Bryson et al., 1992), providing 

adhesion between the cells. This region is chemically different from the bulk of the fibre. 

This layer is inert to staining and it is believed that lipids are the major component of the 

CMC. 

2.2.1.2 Cortex 

A group of closely packed cells (cortical cells) and pigmented granules, which forms the 

bulk of the fibre, lie under the cuticle and is known as the cortex (Sawbridge and Ford, 

1987). The cortex constitutes about 90 percent of the fibre‟s volume. Two types of these 

cortical cells are generally found in keratin fibres, referred to as ortho-cortex and para-

cortex, and these exhibit somewhat different physical and chemical properties. Figure 

2.2 (Sikorski, 1963) shows the detailed inner structure of an animal fibre, in this case 

the wool fibre. 
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Figure 2.2: A detailed typical inner structure of animal fibres (Sikorski, 1963). 

The ortho and para-cortex have different cystine contents and differ in their staining and 

dyeing behaviour, with the ortho-cortex possessing great ability to absorbing dyes 

compared to the para-cortex (Gohl and Vilensky, 1983). These differences have been 

presumed to be a result of the different composition and arrangement of the inter-

macrofibrillar cement within the two segments (Leeder et al., 1990). In their review 

paper, Marshall et al., (1991) claimed that apart from the strong ability to absorb dyes 

the characteristic features of the ortho-cortical cells macrofibrils which are discrete and 

twisted along their long axis, and intermediate filaments (IFs) which produce a whorl 

pattern because of twisting of the peripheral IFs around the central core. Through the 

application of electrophoresis, Dowling (1990) reported that the high sulphur proteins 

were predominantly found in the para-cortical cells of some merino wool samples, later 

confirmed by the high tyrosine proteins of the ortho cortex reported by Marshall et al., 

(1991).  
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2.2.1.3 Medulla 

In certain coarse animal fibres, a hollow or partially filled central canal core, called the 

medulla, may also be found and the proteins found in this region are non-keratinous, in 

certain aspects different to those in the cortex (Stapleton, 1992). The cells in the 

medulla are surrounded by air-filled spaces making them act as thermal insulators and 

reduce the weight of the fibre. The medulla increases the light scattering ability of the 

fibre and makes the fabric appear brighter. 

2.2.2 Chemical Structure of Natural Protein Fibres 

Wool, and other animal fibres, such as cashmere, mohair and camel hair, etc. mainly 

consist of proteins known as α-keratins. Keratin proteins are distinguished, from the 

other proteins, by the high content of the amino acid cystine and can also be classified 

according to the amount of sulphur in the protein (Carter and Edwards, 2001). In his 

review, on the general description of the structure of mammalian keratin fibres, Leon 

(1972) explained the “alpha (α)” as representing a certain X-ray diffraction pattern in 

common with various other fibrous proteins. Certain researchers reviewed the chemical 

structure of animal fibres, including human hair Ward (1955); Panayiotou (2004); 

Mozaffari-Medley (2003); Douthwaite et al., (1993); Ley and Crewther (1980); Korner 

(1988); Stapleton (1992); Tucker et al., (1988) and Tucker et al., (1989).  

2.2.2.1 The Peptide Bond 

The most dominant bond within all keratin protein fibres is the peptide bond and Figure 

2.3 is an example or an illustration of how this bond is formed through the condensation 

or dehydration reaction between the carboxy group of the first amino acid with the 

amino group of the second amino acid. This bond exhibits an unusual property that 

significantly influences the rigidity of a polypeptide chain and consequently having an 

effect on the folding of the polypeptide chain. The peptide bond has a partial double 

bond character, which is caused by resonance of electrons rapidly moving between the 

oxygen and nitrogen to make the C-N bond a partial double bond C=N, resulting in the 

very rigid and a much less flexible character of this bond (Panaiotou, 2004).  
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Figure 2.3: Formation of peptide bond by condensation reaction (Panaiotou, 

2004). 

Several distinctive vibrational spectroscopic bands are a result of the vibrations of the 

atoms of this peptide bond.  

2.2.2.2 Polypeptide Chain 

Keratin proteins consist of long polypeptide chains, considered to be the backbone of 

keratin proteins. These are built up from the condensation of twenty different amino 

acids. Animal fibre keratin proteins contain several different types of polypeptide 

molecules, and these have been found to have an average molecular weight of about 

60 000 (Shenai and Dalvi, 1989). Figure 2.4 (David, 2012) illustrates how proteins 

transform into different structural conformations from the primary structure.  
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Figure 2.4: Protein transformation into different structural conformation (David, 

2012). 

The protein (keratinous and non-keratinous) material constitutes 99% of the wool fibre, 

only 1% being non-protein, such as fats and lipids (Rippon, 1992). The chemical 

(elemental) composition of animal fibres is mainly Carbon (C), Hydrogen (H), Oxygen 

(O), Nitrogen (N) and Sulphur (S). Three protein groups have been identified, namely 

low sulphur, high sulphur (rich in cystine) and the high tyrosine (rich in tyrosine and 

glycine) (Gillepsie and Marshall, 1980). It has also been reported that the cuticle of 

untreated wool contained 10.7 mol % cystine and the cortex had 5 mol % 
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(Füchtenbusch and Baumann, 1985). The amino acid composition, expressed as moles 

per 100 moles, of three classes of proteins found in wool is shown in table 2.1 (Jones 

and Rodgers, 2006). 
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Table 2.1: Amino acid composition of wool fibres (Jones and Rodgers, 2006). 

Amino acid Low-sulphur  

SCMKA major fraction 

High sulphur 

Total 

High  

Glycine Tyrosine  

Total 

Alanine 7.7  2.9 1.5 

Arginine 7.9  5.9  5.4 

Aspartic Acid 9.6  3.0  3.3 

Cysteine 6.0  18.9  6.0 

Glutaminc 

acid 

16.9  8.4  0.6 

Methionine 0.6  0.0  0.0 

Glycine 5.2  6.9  27.9 

Lysine 4.1  0.6  0.4 

Phenylalanine 2.0  1.9  10.4 

Serine 8.1  12.7  11.9 

Threonine 4.8  10.3  3.3 

Valine 6.4  5.6  2.1 

Proline 3.3  12.5  5.3 

Leucine 10.2  3.9  5.5 

Tyrosine 2.7              2.1  15.1 

Histidine 0.6  0.8  1.1 

Isoleucine 3.8  3.6  0.2 
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The amino acid composition of wool varies to some extent between different qualities, 

between different samples of the same quality and between different areas of the 

fleece. The amino acid composition of wool, from different sheep breeds and other 

protein fibres (cashmere, mohair, alpaca, camel hair, etc.), has also been studied 

extensively (Tucker et al., 1988), and reviewed by (Hunter, 1993). Table 2.2 compares 

the amino acid composition of ten different cashmere samples, of different nutrition and 

different average fibre diameters (Tucker et al., 1988). Popescu and Hocker (2007) 

showed a considerable difference in the contents of some amino acids, cystine in 

particular, between wool, cashmere and yak fibres. 
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Table 2.2: Amino acid composition of Australian cashmere from individual goats and wool (Tucker et al., 1988). 
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Tucker et al., (1988) noted that distinction, between Australian cashmere and pen-

grown wool, using the amino acid composition, their cashmere samples exhibiting 

similar variability in composition as wool. Cuticle and cortical cell amino acid 

compositions are also different, as shown in Table 2.3 (Church et al., 1997). This 

difference in composition was also evident in the Raman peak hights of the S-S 

stretching vibrations (around 508 cm-1) for the two structural components. 

Hughes et al., (2001) also showed that certain amino acids were predominant in the 

cuticle, compared to the whole wool or cashmere fibre, and that some significant 

differences existed in certain surface amino acids between wool and cashmere. The 

amino acid composition of wool can be influenced by the nutritional status and 

physiological state of the sheep (McGregor and Tucker, 2010), with the amino acid 

cystine being particularly susceptible to variation (Tucker et al., 1988). Other factors, 

believed to influence the variability of the amino acid, include the time of the year and 

the breed of the animal (Marshall and Gillepsie, 1990). This variability may also be of 

genetic origin (Frenkel et al., 1974). The presence of cystine in keratin fibres largely 

determines the mechanical and chemical behaviour of these fibres (Jones et al., 1990), 

the higher the cystine content the better the mechanical properties (Dowling et al., 

1990).  
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Table 2.3: A comparison of amino acid composition (wool mol-1 %) of whole 

wool, cuticle cells, and the ortho and para cortical cells (Church et al., 1997). 

 

Amino acid 

 

Whole wool 

 

Whole cuticle 

Cortex 

Ortho Para 

Alanine 5.4 5.8 5.6 5.4 

Arginine 6.9 4.3 6.8 6.5 

Aspartic Acid 6.5 3.5 6.7 6.3 

½Cystine  10.3 15.6 10.3 12.9 

Glutaminc acid 11.9 8.7 12.1 12.6 

Glycine 8.4 8.2 8.6 7.5 

Histidine 0.9 0.8 0.7 0.7 

Isoleucine 3.1 2.7 3.2 3.3 

Leucine 7.7 6.1 8.4 7.3 

Lysine 2.9 2.7 2.8 2.3 

Methionine 0.5 0.3 0.4 0.4 

Phenylalanine 2.9 1.7 2.7 2.2 

Proline 6.6 10.5 6.3 7.0 

Serine 10.4 14.3 10.2 10.5 

Threonine 6.4 4.4 6.1 7.0 

Tyrosine 3.8 2.8 3.4 2.4 

Valine 5.6 7.5 5.7 5.7 
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2.2.2.1 Secondary Structure of Keratin Fibres 

The primary structure of protein is the sequence of a long chain composed of 20 amino 

acids while the secondary structural conformation occurs as a result of hydrogen 

bonding between long sequence of amino acids (see Figure 2.4 on page 31). Generally, 

the protein macromolecules exist in three different structural conformations namely the 

alpha helix (α-helix), beta-pleated sheet (β-pleated sheet) and beta turn (β-Turn). The 

principal structural units in the raw or untreated keratin fibre are the successive turns of 

the alpha helix. The intrinsic stability of the alpha helix, and thus the fibre, results from 

intramolecular hydrogen bonds. Proportions of ordered and unordered conformations of 

the proteins may also be observed (Wojciechowska et al., 1999). These structural 

conformations and the amino acid compositions have been found to be different in the 

cortical and cuticle cells. The accurate understanding of the degree of these differences 

involves isolation of these fibre components (cortical and cuticle cells) from the natural 

animal fibre (Church et al., 1997).  Zhou et al., (2012) determined quantitatively, the 

contents of the secondary structure of mohair fibres after stretching at different 

stretching ratios. The content (in percentage (%)) of the α-helical structure was 

determined using equation 2.1:  

                                                  
  

           
                            ……………… 2.1 

Where pα is the percentage of the α-helical conformation, Sα, SD, Sβ and Sr are the band 

areas of the α-helical, disordered, β-pleated sheet and the β-turns components of the 

Raman amide I. Zhou et al., (2012), reported a dominance of the α-helical conformation 

for unstretched mohair fibres, this being found to decrease with increased stretching 

ratios. A content of 58% α-helical conformation was reported for the unstretched mohair 

fibres with the gradual decrease to about 14% for fibres stretched to a ratio of 60%, this 

being accompanied by an increased content of the β-pleated sheet from 20.5 to 44.7%.   
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2.3 ANIMAL FIBRE IDENTIFICATION AND BLEND ANALYSIS TECHNIQUES 

2.3.1 Introduction 

For various reasons such as labelling and Mark Certification purposes, it is important to 

be able to distinguish between speciality fibres such as cashmere, mohair, camel hair, 

etc. Considerable research effort has been directed over the years, but more particularly 

since the early 1980's, towards developing reliable methods for distinguishing between 

luxury fibres, cashmere, mohair, camel hair, etc. with the cheaper fibres such as sheep 

wool, for accurately quantifying the composition of blends of the luxury fibres and wool. 

The section that follows comprehensively reviews previous work conducted in the past 

five decades towards the development of such research techniques. 

2.3.2 General 

High quality textile products are often intentionally and openly made from blends of wool 

with luxury or speciality fibres (such as cashmere, mohair, camel hair, angora, etc.). 

Nevertheless, it is sometimes done clandestinely or fraudulently, mainly for cost and 

supply reasons. For example, it has previously been shown that substitutes (lustre 

wools in particular), which were not declared, constituted 10-15% of mohair products 

(Phan and Wortmann, 1987). The Deutsches Wollforschungsinstitut (DWI) in Germany, 

one of the laboratories with highly reputable researchers in the field of animal fibre 

identification and blend composition analysis, found that 50% of the samples they tested 

in 2004, and the years before, were wrongly labelled (Wortmann and Phan, 2004). The 

accurate labelling of textile products at all levels of processing relies on the accurate 

characterization and identification of each fibre type present in the product, this 

requiring the availability of a reliable and time effective method. Both chemical and 

physical characterization techniques have previously been investigated in terms of their 

suitability for wool/speciality fibre blend compositional analysis. Chemical solubility tests 

make this task a very straight forward one when animal fibre/synthetic or animal/plant 

fibre blends are under investigation, due to the fact that fibres of different generic types 

exhibit different chemical compositions and properties, making it possible to select a 

suitable solvent to preferentially dissolve one component of the blend (Greaves, 1990).  
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At various times Stratmann (1987), Greaves (1992, 1995), Stapleton (1992), Hunter 

(1993), Slater (1993) and McGregor (2012) have reviewed the techniques and 

significant developments in animal fibre identification, classification and quantitative 

blend analysis, including the use of light microscopy (LM), scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), Image Analysis, 

Electrophoresis, Infrared spectroscopy, and Deoxyribonucleic acid (DNA).  

Wilkinson (1990) stated that the list of suitable techniques, for animal fibre identification 

and blend analysis, is shortened considerably if quantitative analysis is performed on 

samples where contaminants are present in small quantities, with fibre treatments 

further shortening the list. Various characterization techniques have previously been 

proposed for both qualitative and quantitative analysis of animal fibre blends. Wilkinson 

(1990) presented a list of techniques (Table 2.4) which had been discussed in papers 

on animal fibre identification, presented at the First and Second International Symposia 

of Speciality Fibres in Aachen, Germany. Table 2.4 shows that microscopic techniques 

were used to study, for example, the fibre physical dimensions and characteristics (fibre 

diameter, length, surface, etc.). Microscopy and image analysis techniques provide 

information on fibre ellipticity, diameter, cross section and surface features (shape of 

scales, scale frequencies and scale thickness), while chromatography and 

electrophoresis are powerful tools for protein analysis (Wilkinson, 1990). Satlow (1965) 

investigated the possibility of applying chemical tests to distinguish between various 

animal fibres, such as wool, cashmere and mohair. Cystine and cysteic acid contents, 

alkali solubility, urea-bisulphite solubility, and the effect of acids, alkalies and enzymes, 

were the tests performed. It was concluded that the differences between the fibres were 

insignificant. Many of the tests used, however, were not very sensitive and the 

interpretation of the results was often not easy. 
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Table 2.4: Fibre identification tools and targets (Wikinson, 1990). 

*1 
First International Symposium on Speciality Animal Fibres. 

2 
Second International Symposium 

on Speciality Animal Fibres. 

Hamlyn et al., (1992) summarized some of the techniques that had previously been 

investigated and proposed for qualitative and quantitative analysis of animal fibres and 

their blends (Table 2.5, adapted from Hamlyn et al., 1992).  

 

  

Tool Reference* Target 

Microscopy; light, 

transmission and 

scanning electron, 

image analysis 

1, 2 

1,2 

1,2 

1 

1 

1 

Fibre dimensions 

Ellipticity 

Surface features 

Pigment distribution 

Medullation 

Cortical segmentation 

Chromatography, 

electrophoresis 

1,2 Protein composition 

High pressure liquid 

chromatography 

1,2 External and internal 

lipids 

DNA hybridization 1,2 Cell nuclear remnants 
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Table 2.5: Methods proposed for the analysis of keratin fibres (Hamlyn et al., 

1992). 

METHOD REFERENCE 

Amino acid analysis Sagar et al., (1990) 

Scale height measurement Wortmann and Arns (1986) 

Image analysis Robson et al., (1989) 

Analysis of extracted proteins using 

polyacrylamide gel electrophoresis 

(PAGE). 

Wortmann et al., (1988) 

Internal and external lipid analysis Rivett et al., (1988) 

DNA fibre profiling Kalbé et al., (1988) and 

Hamlyn et al., (1990) 

 

Section 2.3.3 reviews surface topographic based methods and their application in the 

identification and classification of animal fibres and the composition analysis of their 

blends. 

2.3.3 Surface Topography Based Methods 

2.3.3.1 Light Microscopy (LM) 

Identification and classification of natural animal fibres have always relied on the use of 

microscopy-based methods. Microscopic techniques are considered to be amongst the 

most important and useful methods in the characterization of materials (Giri, 2002). 

Animal fibre identification initially depended on the examination of the fibre surface by 

light microscopy (LM), for scale frequency (number of scales found in 100 µm fibre 

length) and scale prominence and pattern (Blankenburg et al., 1979; Hunter, 1993). 

Wildman (1954) was amongst the first to note that scale pattern and the length of the 
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fibre scale were significant parameters to take into consideration for a successful 

identification and classification of animal fibres from different animal species. He 

described three types of scale patterns, namely Coronal, Corronal-Reticulate and 

Reticulate scaling, and stated that the Coronal scaling was mostly found in very fine 

animal fibres, such as merino wool, while Reticulate scaling was mostly found in coarse 

animal fibres. The use of LM to distinguish between cashmere and wool relies on the 

fact that cashmere fibres display long, flat scales, wrapping around the fibre, whereas 

wool fibres have short and thick scales of mosaic appearance (Langley, 2003). 

Langley and Kennedy (1981) investigated the possibility of using LM to differentiate 

between lustre wools and speciality fibres. Relationships between scale length and fibre 

diameter for mohair, Buenos Aires (BA) lamb‟s wool, cashmere, camel hair and alpaca 

were reported. Since certain properties of BA wool, notably lustre, resemble those of 

mohair, it is widely used as a mohair substitute in textile products, due to its much lower 

price. The results of this investigation showed that the scale length of BA wool was 

generally lower than that of mohair, and that the fibre diameter of BA wool tended to be 

greater than that of mohair. The cube of the scale length (S) divided by the fibre 

diameter (D), (S3/D) was found to be 29 µm2 for mohair, this value being five times 

lower than that reported by Skinkle (1936). These researchers concluded that scale 

length and fibre diameter were unreliable for differentiating between lustre wools and 

mohair. They also noted that wool possessed thick surface scales and were a little 

duller or less lustrous in appearance than mohair fibres.  

Kadikis (1987) noted that light microscopy was useful and suitable for animal fibre 

identification, and for determining the content of each fibre present in a blend. 

Nevertheless, he found that the successful application of LM involved four prerequisites. 

The first prerequisite was that the analyst should have an understanding of sound 

sampling techniques. The second was the use of a 500X micro-projector to give a sharp 

image, with a large field of vision. Third, was a sufficient number of identified fibres to 

provide statistical validity within the tolerances required by the Wool Products Labelling 

Act. The fourth prerequisite was the level of experience of the operator: Kadikis stating 

that the operator must have years of experience and a good visual memory. Ainsworth 



45 
 

and Zhang (2005) noted that a new operator need training of 3-6 months, or even 

longer, to get to the level of being able to carry out commercial tests. Considerable 

patience and intellectual honesty, to recognize when a fibre cannot be identified, have 

also been found to be important. This view has also been emphasised in Langley 

(2008). 

One fibre testing group (EEC Working Party on Names and Labelling, 1988), examined 

the suitability of LM in animal fibre blend analysis, using round robin trials in the 1970s. 

After studying the inter-laboratory results, these animal fibre testing experts found that it 

was difficult to obtain useful information, especially for fibres of which the surfaces have 

been chemically treated, that could be used in confirming the declared fibre contents in 

textile materials (EEC Working Party on Names and Labelling, 1988). They concluded 

that no test, even LM, could precisely quantitatively determine intimate mixtures of wool 

and other animal fibre at that time. This was later confirmed by Wortmann and 

Wortmann (1992), who investigated the suitability of LM in animal fibre identification and 

blend composition analysis. They made use of Round Robin Trial results performed in 

the seventies and concluded that light microscopy was not a reliable technique for 

wool/specialty fibre blend analysis. Sich (1990) investigated, and compared, the 

possible application of both LM and SEM (see Table 2.6), for animal fibre identification 

and classification.  
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Table 2.6: Comparison of SEM and LM capabilities in examining animal fibres 

(Sich, 1990).

0no capability, + excellent capability, - Moderate capability. 

The advantages of each technique were compared, and it was found that the scanning 

electron microscope (SEM) provided a clear detail of surface features, although it was 

incapable of providing internal information of the fibre. The researcher concluded that 

both LM and SEM were needed for undisputed fibre identification.  

 As a step towards the development of a fast, accurate method and with the aim of 

reducing the subjectivity of light microscopy, the use of a weighted discriminant 

analysis, using two fibre properties (fibre diameter and scale frequency) and a three-

dimensional cluster analysis, based on three fibre properties (diameter, scale frequency 
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and scale form), measured using the light microscope [Phan et al., (1988); Wortmann et 

al., (1989); Hermann et al., (1995); Teasdale, (1988)], were investigated. This technique 

is aimed at sorting a number of objects which are defined by characteristic data vectors. 

The first mentioned discriminant analysis was based on the bivariate normal distribution 

of the two measured parameters (Hermann et al., 1995): 
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Where x represents the fibre diameter, in µm, and y the scale frequency (number of 

scales per 100 µm length), sx and sy the standard deviations, r the correlation coefficient 

and and  the arithmetic means of the two variables, respectively. With all these values 

in the bivariate function, the discriminant function D(M,W) may be obtained. This 

function was used to distinguish between different animal fibre types, such as mohair 

and wool:    

                                                           
       

       
                                                ……….2.3 

Where D(M,W) is the discriminant function for mohair (M) and wool (W), PM(x,y) and 

PW(x,y) are the values of the bivariate normal distribution for mohair fibres and wool 

fibres, respectively. Once this relationship is obtained for fibres of known origin, the 

equal-odds line allows identification of values for unknown fibre blends. In the three-

dimensional cluster analysis method, a third variable (scale form) is introduced. 

Hermann et al., (1990) concluded that both these methods have shown that light 

microscopy, combined with statistical classification methods, present a potentially 

valuable fibre blend analysis procedure, but which once again strongly relies on the 

experience of the operator.  

Wilkinson (1990) noted that animal fibre and their blend composition analysis using 

microscopy-based techniques were limited by the following factors:  

(a) Natural pigmentation and added dye mask features. 
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(b) The features vary along each fibre, as well as between fibres from the same 

animal. 

(c) The features are obscured or removed by weathering. 

(d) Fibre identification strongly relies on the operator‟s judgement. 

(e) Fibre terminology varies from country to country. Wilkinson stated that “an 

example is white Iranian cashmere, which is cashmere in Europe but not 

cashmere in USA”. 

 

Different definitions of the cashmere fibre have been studied by Phan et al., (1991) and 

Phan et al., (1994). Fujishige and Koshiba (1997) developed a light microscopy-based 

technique for identifying cashmere and Merino wool fibres. Three samples, namely 

white and naturally dark coloured cashmere fibres from Mongolia and fine Merino 

scoured wool, were examined. These samples were treated with Basic Blue 7 (about 

0.2 wt % in water) dye at 60°C for 1 hour to stain the cuticle scales and to enhance the 

characteristic scale margins. These were further exposed to heat treatment in the 

aqueous medium at 80°C for 1 hour in the presence of 0.1 wt % sodium dodecyl 

sulphate. The researchers found that cashmere fibres had a curvature extended 

throughout the entire length of the fibre, in contrast to what was observed in Merino 

wool fibres, where the fibres were crimped, this being revealed by the heat treatment. A 

bilateral structure, with unstained section in parallel with the stained portion, was 

observed in cashmere specimens, confirming the results of Chen and Fujishige (1996) 

that the Merino wool ortho-cortex could not be stained using Basic Blue 7. The research 

concluded that the technique they developed could form a basis for animal fibre blend 

analysis and added that the success of the technique required an extremely skilled 

microscopic analyst. 

A round trial was organized under the auspice of the CCMI (Cashmere and Camel Hair 

Manufacturers Institute /USA) in 1995, where seventeen testing laboratories 

participated (Phan and Wortmann, 1997). A very low success ratio of 46% was obtained 

for the LM analysis compared to the 95% of SEM.  

Some of the shortcomings in animal fibre analysis, using LM, were summarized by the 

SGS animal fibre testing laboratory. These include the subjectivity of the method, the 
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increasing introduction of modified wool and the use of fibres sharing similar 

morphological characteristics. An important factor, noted by the SGS testing group, was 

that fibre surface treatments damaged the fibre surface (Ainsworth and Zhang, 2005). 

The fineness (measured by LM and SEM) of different animal fibres of textile importance 

has been summarized in the form of bars as shown in the Figure 2.5 (Phan et al., 1988). 

As evident from the figure, an overlap of diameters is observed between wool and 

mohair fibres, posing a potential risk of mis-classification of the two fibre types if fibre 

diameter is used as a sole parameter for classification. 

 

Figure 2.5: Identification and classification of animal fibres by their fineness 

(Phan et al., 1988). 
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Scale frequency has also been used in the past as a basis for distinguishing between 

wool and mohair (von Bergen, 1963). This method was based on the fact that wool was 

presumed to have a scale frequency (number of scales per 100 µm length) ranging from 

9 to 11 compared to about 5 of mohair. Kusch and Arns (1983) found that, depending 

on breeding conditions, mohair may also have a high scale frequency which may 

overlap with that of wool. These findings lead to the LM based scale frequency criterion 

being considered unreliable for animal fibre identification. Phan et al., (1988) claimed 

that, even though scale frequency was found to be misleading, it could still be 

considered as an important identifying feature in certain animal fibre analysis. Teasdale 

(1988) noted that the scale frequency of mohair was about 7/100 µm and was 

independent of average fibre diameter, while Wortmann et al., (1988) cited in Hunter 

(1993), found that mohair scale frequency ranged from 5 to 10 per 100 µm with no 

direct relation to the fibre diameter while a decrease in scale frequency from about 10 

per 100 µm for a 16 µm to about 6 per 100 µm for a 35 µm wool was observed. 

Wortmann et al., (2000) stated that scale frequency varies from 10 to 12 per 100 µm for 

wool and that of mohair from 4 to about 6 per 100 µm. Fibre profiles may change 

drastically from root to tip of the fibre and these profiles often overlap for many animal 

fibres (McGregor, 2012). This fact and the fact that individual fleeces may possess a 

wide range of fibre diameters and scale patterns, are some limitations to the successful 

and accurate identification of different animal fibres, using LM based fibre surface 

characteristics. 

2.3.3.2 Scanning Electron Microscopy (SEM) 

A technique found to play a vital role in the identification and classification of animal 

fibres is that of scanning electron microscopy (SEM). This technique offers better 

resolution and depth of field, which are superior compared to those offered by the 

traditional optical microscope, enabling valuable parameters such as fibre surface scale 

heights to be accurately measured. In an SEM, an electron beam of a very small 

diameter, is irradiated on the surface of the specimen to release secondary electrons 

which are collected to form the image (Giri, 2002). Sample preparation for the SEM 
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analysis of animal fibres normally involves the application of a thin layer of a noble 

metal, such as gold, to the surface of the specimen, prior to the fibre being examined.   

In one of the earlier studies, fibre identification method, based on the assessment of the 

nature of cortical cells by scanning electron microscope (SEM), has been investigated 

(El-Alfy and Blakey, 1980). This involved a technique, known as plasma-etching, for 

removing the cuticle of the fibre to reveal the cortex, which was then studied in the 

SEM. The method involved cutting a flat transverse face to the fibres embedded in any 

epoxy resin. The face was etched with oxygen plasma, resulting in various 

subcomponents of the fibres being removed, and then observing the specimen surface 

in the SEM. It was noted that the cortical cells from camel hair were between 1.5 and 3 

µm in width and between 75 and 130 µm in length, those from cashmere were found to 

be between 2.7 and 4.1 µm wide and between 60 and 80 µm in length. The cortical cell 

surfaces of wool fibres appeared rougher than those of Angora rabbit hair. The 

researchers stated that the nature of the cortical cells could be used to identify the origin 

of the fibre, but this technique has never been adopted in practice.  

Dobb et al., (1961) were the first to publish the work which showed that the cuticle scale 

height (CSH) of animal fibres could be used in distinguishing between them and aid in 

their classification. The CSH is defined as how far a scale edge protrudes above the 

surface of the cuticle cell lying under it. Kusch and Arns (1983) discussed some results 

on wool and mohair CSH measurements obtained from pure samples of untreated 

sheep wool and goat hair from different countries. Figure 2.6 illustrates CSH 

measurement on an animal fibre. 
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Figure 2.6: Animal fibre CSH (h) measurement (Weideman et al., (1987). 

Kusch and Arns (1983) found that the CSH of wool ranged from 0.73 µm to 1.05 µm 

(taking tolerance intervals into consideration), and from 0.38 µm to 0.49 µm for goat 

hair. There was a difference of 0.22 µm between the lowest wool CSH value and the 

highest goat hair CSH value. It was therefore concluded that the CSH provided a clear 

distinguishing property between goat hair and sheep wool. The research was also 

concerned about the effect of chemical treatment on the CSH, but found that even dyed 

wool fibres can be distinguished from mohair. Many studies have subsequently been 

undertaken to investigate the reliability of the SEM based method (Weideman and 

Smuts (1985); Wortmann and Arns (1986); Weideman et al., (1987); Wortmann et al., 

(1988); Wortmann and Wortmann (1992); Varley (2006)) for the analysis of pure and 

blend samples of animal fibres used in textile products. Figure 2.7 presents a system of 

animal fibre classification developed at DWI in Germany. 
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Figure 2.7: Classification and characterization of speciality animal fibres using 

the SEM (Phan et al., 1988). 

Figure 2.8 shows SEM micrographs of mohair (left) and Buenos Aires wool fibres (right) 

at 1000X and 25000X magnifications. This example was chosen because the most 

frequently found adulteration of mohair is with Buenos Aires fibres. As evident from 

these micrographs in Figure 2.8 it is through the use of an SEM that mohair and Buenos 

Aires wool fibres could be reliably distinguished. 
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Figure 2.8: SEM micrographs of mohair (left) and wool Buenos Aires (right) fibres 

at 1000X magnification, and close-ups of their cuticle scale edges at 250000X 

magnification) (Wortmann et al., 1988). 

Weideman et al., (1987) investigated the possible sources of uncertainties in CSH 

measurements by SEM. They noted that variability in scale height could be due to a 

scale lying on top of another scale, forming a double scale, giving a scale height double 

the normal scale height. These researchers found that the SEM CSH based method 

was the most reliable and provided positive identification of different animal fibre types. 

Nevertheless, a significant overlap in the CSH distributions of wool and mohair was 

observed. In some cases, scale deformations made it difficult for an accurate 

measurement on the scale, while in other cases, the scale thickness varied, making it 

difficult to determine the correct or representative position for measurement on the 

scale. For this reason, the operator needs to be fully trained and experienced and to 

have a good knowledge base of animal fibres. Cuticle scale height measurements of 0.5 

µm were rare in wool samples examined at the DWI by Wortmann et al., (1988). The 

observation of CSH animal fibre differences allowed the possibility and limitations of 
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wool/mohair and wool/cashmere blends to be examined. Fibres, with a CSH exceeding 

0.6 µm, were readily classified as wool, and fibres with a CSH less than 0.5 µm were 

readily classified as mohair. Where classification was difficult, two or three scales were 

measured on each fibre for more accurate classification. The weight fraction of wool 

fibres (Ww), in a wool/speciality fibre blend, can be calculated from the following 

Wildman/Bray (W/B) formula (Wortmann and Arns, 1986): 
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Where nw and ns are the number of wool and speciality fibres counted, respectively, and 

dw and ds are the average diameters with sw and ss standard deviations, respectively of 

the wool and speciality fibres, respectively.  

The speciality fibre weight fraction, Ws, can calculated using equation 2.5. 

                                                  ……………………. 2.5       

The application of the W/B formula (eq. 2.4) in animal fibre blend composition analysis 

is based on the assumption that the blend components possess circular fibre cross-

sections.  

Wortmann et al., (1988) discussed some wool/rabbit hair blend analysis results, rabbit 

hair containing mostly medullated and elliptical fibre cross-sections. It was noted that 

the analysis had an accuracy which compared well with that of wool/mohair and 

wool/cashmere blends.  

Wortmann and Arns (1986) concluded that the SEM CSH measurement technique was 

reliable and provided an accuracy which compared well with that of the often-used 

chemical techniques for wool/mohair blend composition analysis.  

The following system in Figure 2.9 of animal fibre identification by CSH, as measured 

on an SEM, was constructed at the DWI by Wortmann et al., (1988). In this system, 

cuticle scale heights, for different wool breeds and different speciality animal fibre 

samples from different countries, are plotted as box-and-whisker plots. No significant 
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overlap in CSH measurements of different wools and different speciality fibres was 

observed by Wortmann et al., (1988), in contrast to the observation of Weideman et al., 

(1987). 

 

Figure 2.9: Summary of CSH measurements on 18 wools and 14 speciality fibres 

as box-whisker plots (Wortmann et al., 1988). 
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Wortmann (1991) reported results of a round robin trial, involving the composition 

analysis, of wool/mohair blend samples conducted under the auspices of the 

International Mohair Association (IMA). The samples were prepared by the CSIR 

(Division of Textile Technology in South Africa) and the German Wool Research 

Institute (Deutsches Wollforschungsinstitut, DWI). Wool and mohair fibre snippets of 0.4 

mm length were weighed and mixed as described in the IWTO-8 test method. This 

study showed good agreement between the reference (actual) and the analysis results 

and indicated that the major component of the analysis error was the random error 

inherent in the microscopical approach to fibre analysis. Criticism of the CSH technique 

has been the fact that it gives access to only cuticle scale heights and that it only 

distinguishes between wool and speciality fibres (Wortmann and Wortmann, 1992). 

Baker et al., 1998 showed that the use of non-dimensional ratio, based on the ratio of 

the scale spacing to the fibre diameter, could be useful in distinguishing between wool 

and cashmere fibres, yielding 89.8 % success rate.  

The discovery of the difference in CSH measurements of animal fibres led to the 

development of the international test method, IWTO 58-00, of the International Wool 

Testing Organization (IWTO 58-00, 2000). According to this method, animal fibres, lying 

longitudinally on the SEM stub, are measured for their CSH. A large number (450) of 

fibre snippets must be examined. Wortmann and Phan (2006) statistically showed that 

the risk (with a 95% probability) of fibres being incorrectly classified (in a wool/ 

cashmere SEM blend analysis) falls to approximately 0.8 % after the 450 snippets have 

been analysed. Varley (2006), however, developed a slightly different technique, called 

the vertically oriented sequential CSH measurement technique, for the examination of 

animal fibres. 

Greaves (2005) argued that a limiting factor in the SEM CSH method for quantitative 

animal fibre compositional analysis is the fact that these instruments are extremely 

expensive. This researcher stated that the accuracy of the analytical procedure 

depends upon the instrument/operator system which is likely to be similar for SEM and 

LM analyses. According to Greaves (2005), certain fibre modifications (enzyme and 

plasma shrink-resist processes and fluorocarbon coating treatments) can make animal 
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fibre identification, classification and blend compositional analysis difficult. In the 

research paper by Greaves (2005), LM micrographs are shown which illustrate the 

distinction between animal fibres based on the scale pattern.  

Figure 2.10 depicts some fibres prepared for the conventional longitudinal cuticle scale 

height measurements, while Figure 2.11 depicts fibres prepared according to the Varley 

(2006) technique. 

 

Figure 2.10: SEM micrographs of (a) Cashmere fibres and (b) CSH (Varley, 2006). 

Varley (2006) argued that one of the limitations of the IWTO 58 test method, was certain 

profile artefacts and limited scale views. Figure 2.11 illustrates that this limitation is 

largely overcome in the vertical-oriented sequential method proposed by Varley (2006). 
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Figure 2.11: SEM micrographs of (a) Cashmere and (b) Wool scales (Varley, 2006). 

Varley (2006) selected six fibres randomly from each of the samples used, and 

observed an overlap in wool CSH and cashmere CSH, which was contrary to previously 

reported results (Kusch and Arns, 1983). Varley‟s vertical-oriented sequential method 

showed CSH values twice as high the values reported previously by Wortmann and 

Arns (1986) and Langley (2003). The researcher concluded that the vertical-oriented 

sequential CSH measurement technique provided CSH measurements in a more 

objective and accurate manner than those by the longitudinal CSH technique. 

Different views have been expressed concerning the effect of chemical treatment of the 

fibre surface on animal fibre analysis ((Tucker (1997), Wortmann and Phan (1998) and 

Kim (2008)). According to Tucker (1997)), the application of the SEM CSH method in 

animal fibre identification and classification, where fibres have undergone chemical 

treatment, may be misleading and provide unreliable results. To investigate the effect of 

chemical treatment on animal fibre identification, he treated cashmere fibres with 37.5% 

hydrochloric acid (HCl), followed by 15 minutes treatment in 3% of hydrogen peroxide. 

He found that such a chemical treatment lead to increased cuticle scale height values. 

Nevertheless, the arguments put forward in Tucker‟s paper were questioned by 
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Wortmann and Phan (1999) on the basis of their findings on the effect of chemical 

treatments on the surface of cashmere and wool fibres.  

Bahi et al., (2007) found that there was a significant reduction in the cuticle scale height 

of merino fibres, the reduction being dependent upon the chemical treatment. Another 

problem with the SEM based CSH method for animal fibre identification is the 

availability of descaled (as shown in Figure 2.12), stretched and enzyme treated fibres, 

for which the surface or scale features have been significantly changed (Ki-Hoon, 

2008).    

 

Figure 2.12: Microscopic images of descaled animal fibres (Ki-Hoon, 2008). 

An analytical method, based on image processing and analysis, has been investigated 

for its applicability as a possible alternative technique to the existing time consuming 

and expensive microscopic methods which are sometimes unreliable for the analysis of 

natural animal fibres (Robson et al., 1989; Robson and Weedall, 1990). This technique 

is based on the enhancement of fibre images captured from the SEM, to extract useful 

information leading to more reliable fibre identification and classification. Fifteen scale 

parameters P1-P15 were successfully extracted from SEM captured images for 

objective animal fibre identification (Robson, 1997). Amongst these parameters, were 

fibre width, scale interval, scale circularity, scale orientation and scale elongation, these 

providing a clear unequivocal description of the fibre scale pattern. The importance of 
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imaging techniques in cuticle scale measurement has also been investigated (Robson, 

2000). Although these microscopic techniques were found to be less subjective, they 

were still time consuming. Another challenge to the SEM based animal fibre analysis is 

the deliberate use of de-scaled fine wool fibres to adulterate the expensive speciality 

hairs, such as mohair and cashmere.   

Jin and Hu (2005) stated that quantitative analysis of animal fibres remains difficult 

when using the traditional microscopic based methods, due to the fact that fine 

descaled and stretched wool is often unscrupulously adulterated with the expensive rare 

fibres to reduce costs. These researchers also stated that “an undesirable increase in 

fibre diameter accompanied by an increase in the height of the scale edge may be 

observed in some new breeds of cashmere goats, making the differentiation difficult. 

In the past two decade, efforts on the development of methods for distinguishing 

between animal fibres, particularly between sheep wool and speciality fibres, have been 

on microscopic image processing and computer vision, extracting surface parameters 

such as fibre diameter, scale frequency, scale heights, scale pattern, etc. (Liu et al., 

2019; She et al., 2001; She et al., 2002; Shi and Yu, 2011).    

TEM analysis of animal fibres has always been limited by the need for ultrafine cross 

sections, with Phan (1991) stating that “The chance of getting acceptable whole 

transverse sections is about 5-10 %, or even less”. Consequently, there has not been 

enough research over the years on the identification of animal fibres using the TEM. 

2.3.3.3 Atomic Force Microscopy (AFM) 

The development of the SEM has been considered a huge milestone in the textile 

industry, particularly in the identification of animal fibres and their blend composition 

analysis. This method has provided solutions to the limitations of the LM, such as 

limited resolution and very low depth of field (Ainsworth and Zhang, 2007). Another 

method that has found great application in the characterization of animal fibres is the 

atomic force microscopy. The AFM is a form of scanning probe microscopy (SPM) 

where a tip of a very fine diameter is scanned in a raster pattern (i.e. point-wise and line 

by line) across the sample surface. Some of the advantages of this method, over SEM, 
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include the fact that there is minimal sample preparation involved, it is non-destructive 

and can be operated in different conditions (air and water) (Hilbrick, 2012). Phillips et 

al., (1995) reported on the changes in the CSH of merino wool fibres when exposed to 

different conditions, the CSH values ranging from 0.493 µm to 2.039 µm under dry 

conditions. It was observed that there was an increase in CSH from air exposure to 

water. CSH values of wool fibres, measured by AFM, have also been reported 

(Crossley et al., 2000; Maxwel and Huson, 2004; Smith, 1998). The AFM has also been 

applied to study the effects of bleaching and dyeing on cashmere goat fibres 

(Javkhlantugs et al., 2009), the results showing an increase in the CSH values for both 

bleached and dyed fibres compared to the untreated fibres.  

 Hilbrick (2012) reported on the CSH values of different animal fibres, including wool, 

cashmere and alpaca, measured using the SPM. One of the objectives of the study was 

to measure and compare CSH, scale frequency and surface roughness of fibres from 

wool and speciality fibre tops. Alpaca and cashmere had the lowest average CSH 

values from wool of similar average fibre diameter and this difference was proved to be 

statistically significant (P˂ 0.0001). Alpaca fibres displayed higher cuticle interval 

(defined as the distance between neighbouring scale edges) compared to wool of 

similar fibre diameter (Hilbrick, 2012). Abduallah (2006) reported AFM based CSH 

measurements on 20 µm and 18 µm undyed and dyed wool samples, noting a slight 

increase in CSH values as a result of dyeing. For the undyed fibres, the average CSH 

was 0.88 µm and 0.85 µm for the 20 µm and 18.5 µm wools, respectively, the 

corresponding values for the dyed fibres being 0.99 µm and 0.96 µm, respectively. The 

disadvantage of this technique is that it is very time consuming. Notayi (2014) 

investigated the possible application of the AFM in animal fibre identification and blend 

composition analysis. He found that the AFM analysis, though the risk of subjectivity 

was minimized, was extremely time consuming and could be very expensive. The 

researcher came to the conclusion that the AFM cannot be considered an alternative to 

the less time consuming and more subjective LM and SEM methods.  
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2.3.4 DNA Analysis 

The need for greater accuracy, reliability and cost effectiveness in animal fibre 

identification and classification has led to the investigation of a variety of other fibre 

testing techniques, including deoxyribonucleic acid (DNA) analysis (Kerkhoff et al., 

2009). DNA, a species-specific material, contains genetic information of all living 

organisms. The DNA is a double stranded (two polynucleotide chains) organic complex 

molecule composed of a repetition of 4 monomers called nucleotides: adenine (A), 

guanine (G), cytosine (C) and thymine (T). The genetic information is stored in the 

sequence of these monomers (Kerkhoff et al., 2006). In the living cells of animals, the 

DNA molecule is found inside nuclei and smaller cellular bodies called mitochondria. 

The success of animal fibre analysis, using the DNA method, strongly relies on the 

development of methods for improved extraction of the high molecular weight DNA 

molecule (Hamlyn, 1998). Two types of DNA test that can be performed, include nuclear 

DNA and mitochondrial or mt-DNA analysis (see Figure 2.13). 

 

Figure 2.13: A simplified schematic representation of nuclear and mt-DNA 

(Panaiotou, 2004). 
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In the late 1980s it was discovered that DNA was contained in animal fibre shafts (Kalbé 

et al., 1988). This was considered an important discovery, as it had previously been 

believed that DNA was only present in the hair roots and not in the hair shafts. The 

extracted DNA from the hair shafts made the identification of hair from different species 

possible. A method for the isolation and purification of DNA from animal fibres has been 

described (Nelson et al., (1990) and Ley et al., (1988)). Figure 2.14 (Bereck, 1990), 

summarizes the steps involved in the extraction and purification of DNA and 

hybridization: 

 

Figure 2.14: The steps involved in the isolation, purification and hybridization of 

DNA (Bereck, 1990). 

One of the advantages of DNA analysis, as a means of animal fibre analysis, is that 

irrespective of any severity of any processing, to which the fibre has been subjected, 

sufficient DNA still remains for fibre identification, although quantitative fibre analysis 



65 
 

may be impossible (Hӧcker, 1990). Hӧcker (1990) claims that the optimised extraction 

of DNA, of maximum purity, is important and key for animal fibre analysis, and 

described a method for isolation and purification of DNA from animal fibres. Proteins, 

lipids, natural pigments and residues are amongst the contaminants that may stick to 

the DNA, making fibre analysis difficult. Some of the limitations in speciality animal fibre 

identification and classification, using DNA and other analytical techniques, have been 

described by Berndt et al., (1990) and Hamlyn et al., (1990). These include DNA 

degradation, due to thermal and chemical (e.g. oxidation and reduction) treatments, 

difficulty in the extraction of sufficient DNA and the time required for the analysis.  

A DNA dot blot analysis, using species-specific probes to distinguish between DNA 

extracted from raw and goat fibres, has been developed (Nelson et al., (1992); Hamlyn 

et al., (1992)), and this technique has received, and still receives, wide application in 

molecular biology and genetics for detecting bio-molecules. The dot-blotting method is 

illustrated in Figure 2.15:  
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Figure 2.15: DNA analysis using the dot-blot method (Hamlyn et al., 1992). 

The sample, containing the biological target (mostly proteins or DNA) to be detected, is 

spotted directly on a membrane (such as nitrocellulose, Nylon 66 and poly (vinylidene 

fluoride) (PVDF) without prior separation (Laopa et al., 2013). The presence or absence 

of a specific target can be detected by binding with the probe that can report the binding 

event by radioactivity, fluorescence, chemiluminescence, or enzyme-based calorimetric 

assays. Dot blot hybridization requires higher amounts of good quality DNA, which are 

scarce in processed animal fibres. The absence of a specific target sequence, which will 

allow a differentiation between DNA isolated from sheep and goat, stimulated the 

construction of highly sensitive goat-specific oligonucleotides which can be used as 
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probes to distinguish between DNA isolated from wool and goat fibres (e.g. cashmere 

and mohair) (Hamlyn et al., 1993). It was found that the prepared goat–specific 

oligonucleotide probe hybridized very well with DNA extracted from goat hair. These 

researchers concluded that the oligonucleotide probe was sensitive enough to allow 

analysis of as little as 100 mg of raw animal fibre and only a few grams of processed 

material. Further developments of the DNA technique involve the establishment of the 

polymerase chain reaction (PCR), offering an amplification of high-quality DNA from 

animal fibres. The PCR is an enzymatic method that can generate thousands or even 

millions of identical copies of a specified DNA sequence within a very short time. One of 

the prerequisites for the success of the conventional DNA dot blot hybridization is the 

extraction of high-quality DNA, and this is not always possible in processed animal 

fibres. The development of the PCR, where high quality DNA is not a prerequisite, has 

been of paramount importance in the field. A PCR-reaction consists of approximately 

35-50 amplification cycles, where each cycle, in turn, comprises 3 steps, namely 

Denaturation, Annealing and Detection. 

The very high sensitivity, stability and reliability shown by the DNA analysis method, for 

animal fibre identification, were among other advantages that made this technique a 

potential alternative tool for replacing the traditional time consuming and expensive 

microscopic tools for animal fibre analysis (Subramanian et al., 2005). A method for 

extraction of sufficient DNA from the cuticle of scoured cashmere and wool fibres, using 

the proteinase K digestion method, as described by Nelson et al., (1992), was employed 

by Subramanian et al., (2005), who made use of a PCR-RFLP (restriction fragment 

length polymorphism) technique in distinguishing fibres from goat (Capra hircus) and 

sheep (Ovis Aries). Two restriction enzymes, namely BamH1 and Ssp1, were chosen 

for the analysis, Figure 2.16 (Subramanian et al., 2005), demonstrating their RFLP 

pattern.  
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Figure 2.16: RFLP profiles of PCR products containing mtcyt b sequences 

obtained from DNA of cashmere and wool fibre (Subramanian et al., 2005).   

Figure 2.16 (A) contains RFLP profile of mtcyt b sequences restricted by BamH1 

enzyme- lane 3 and 4: mtcyt b sequences of cashmere and wool, respectively, (B) is the 

RFLP profile of mtcyt b sequences restricted by Ssp1 enzyme – lane 3 and 4: mtcyt b 

sequnces of cashmere and wool samples, respectively. Lanes 1 and 2 represent the 

DNA standard (100 bp ladder) and uncut PCR product, respectively. The restricted 

fragment profiles from wool and cashmere samples clearly showed that there is a 

difference in the two fibre types. It was concluded that this method differentiated well 

between wool and cashmere fibres and could qualitatively be applied to detect 

adulteration in animal fibre blends. Nevertheless, quantitative animal fibre blend 

analysis, using this technique, seemed impossible.  

The DNA analysis of some animal fibre blends, such as cashmere/yak blends, remains 

a problem and poses a difficulty in the textile industry, due to the similarities of these 
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fibres. Wortmann et al., (2007) noted that solely relying on DNA analysis may provide 

unsatisfactory results for the objective judgement of the extent of yak contamination in 

cashmere products, and recommended that the combination of DNA and microscopic 

techniques be applied for the objective analysis of animal fibres, especially for blend 

composition analysis purposes.  

According to Phan et al., (2008), amongst others, DNA analysis is one of the important 

methods in commercial analysis of cashmere and their blends. Even after a mild 

washing process of a garment, the amount of DNA within the fibres was reduced by a 

fair amount of nanograms which is one of the reasons why the DNA method got 

withdrawn from the customer service of DWI (Phan et al., 2008).  

Two approaches, qualitative and quantitative, involved in the DNA analyses, have been 

reported and documented by Yoshioka (2008). In both approaches, a first step involves 

the application of light microscopy to investigate the presence of fibres from non-animal 

sources, such as cotton, nylon, etc. Yoshioka (2008) concluded that the quantitative 

analysis of animal fibres, by the DNA method, was limited to wool and cashmere at the 

time, also mentioning he was busy developing a method for cashmere/yak quantitative 

analysis. Yoshioka (2008) noted that DNA analysis was superior to microscopic based 

methods, when it comes to objectivity.                 

There have been continuing developments and improvements in DNA analysis of 

animal fibres over the past few decades, with the more recent advances including the 

development of a method for the quick extraction of mitochondrial DNA from natural and 

processed animal fibres (Ji et al., 2011). These researchers also designed two sets of 

TaqMan PCR primers and probes, which can specifically react to both goat and sheep 

DNA mitochondrial 12S ribosomal (rRNA) genes. This method could identify cashmere 

and wool fibres and provide the proportion of each fibre type in cashmere/wool blends. 

The most recent advances in DNA based identification of animal fibres, involves the 

development of a highly sensitive method, known as real-time PCR. This technique has 

also been found useful in the ivory industry in detecting and quantifying DNA from 

different animal species that have undergone processing (Wozney and Wilson, 2012). 
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Though the number of copies of mitochondrion tends to vary significantly between 

different breeds and even between some tissues of an individual, using this technique 

Tang et al., (2013) showed that this (number of mitochondrion copies) has little effect on 

the quantification results in animal fibre blend composition analysis. These results 

indicated that the real-time PCR method can be applied to quantify each fibre type 

present in animal blends. The DNA method has recently been standardized by the 

International Organization for Standardization (ISO). The ISO 18074 (2015) method 

differentiates between wool, cashmere and yak fibres, but only allows qualitative 

analysis of these fibres in blends. 

2.3.5 Amino Acid and Protein Analysis Based Methods 

2.3.5.1 Electrophoresis 

Another technique, which has received considerable application in the textile industry, is 

that involving gel electrophoresis. Some of the applications of the electrophoretic 

method include the assessment of degradation of animal fibre proteins (Wilrich et al., 

1995). The amino acid composition is significantly different, particularly in the cystine 

and cysteic acid contents, for every animal fibre type, and Tucker et al., (1988) pointed 

out that this may form the basis for the identification and classification of these fibres 

when in blends. Electrophoresis is one of the powerful techniques for the analysis of 

fractionated hair proteins, and some of electrophoretic methods, previously proposed for 

animal hair identification and classification, include one dimensional polyacrylamide gel 

electrophoresis, in the presence of sodium dodecyl sulphate (1D-SDS-PAGE) 

(Wortmann et al., 1986; Laumen et al., 1990), and two dimensional polyacrylamide 

electrophoresis, in the presence of sodium dodecyl sulphate (2D–SDS-PAGE) 

(Marshall, 1981; Stephani and Zahn, 1985).  

A schematic diagram illustrating a steps-wise procedure involved in the isolation of 

proteins from keratin fibres is shown in Figure 2.17. 



71 
 

 

Figure 2.17: Steps involved in the isolation of proteins from keratins (Marshall et 

al., 1977). 

Darskus and Gillepsie (1971) applied electrophoretic and chromatographic methods to 

examine high-sulphur proteins from different breeds of sheep. Proteins from domestic 

goats were also examined. Differences in the proportions of the components of the 

patterns, from proteins of different sheep breeds, were observed, which the authors 

classified as an observation which could aid in distinguishing between different wool 

breeds. Marshall et al., (1977) investigated the possible application of PAGE patterns in 

the analysis of high sulphur proteins, as a means for classifying different animal hairs. 

Among the animal fibres analysed, were sheep wool and goat hair, and these showed 

different electrophoretic patterns. Differences were also observed in the patterns of non-

Peppin fine Merino sheep, housed and given identical diet. 

The proteins of animal fibres are chemically dissolved and set apart by S-

carboxymethylation (SCM), and fractionated on the basis of molecular weight or electric 

charge. As part of the textile industry investigation of new fibre testing techniques, in the 

year 1989 scientists in the British Textile Technology Group (BTTG), through the 



72 
 

merger of the Shirley Institute of Manchester and Wira Technology Group of Leeds, 

developed a chemically based method for the identification of different animal fibres 

(Anon, 1989).  

Marshall et al., (1984) demonstrated a possible use of the electrophoresis two-

dimensional electrophoretic based method, because of its high resolution (Marshall and 

Gillepsie, 1982), for distinguishing between wool and luxury fibres (mohair, camel hair 

and alpaca hair). The research was able to separate three groups of proteins, namely 

low-sulphur, high-sulphur and high-tyrosine, in different parts of the electrophoretic 

patterns, and noted that the results they obtained proved that 2D-PAGE can be useful 

for investigating the extent of adulteration and identifying the origin of the different 

fibres. Nevertheless, no quantitative analysis has been reported. Harsh chemical 

treatments were found to affect the electrophoretic patterns, and the researchers have 

concluded that further studies on the identification of speciality animal fibres, using 

electrophoresis, were still required. Bauters (1985) reported on the eletrophoretic 

analysis of wool and mohair fibre proteins extracted by formic acid and aqueous 

propanol. The proteins extracted from the mohair fibres had the higher proportions of 

glycine and tyrosine compared to the protein extracts from the wool. The cysteine 

contents of these two fibre types were significantly different, with wool having the higher 

content. The research concluded that the proportions of the extracted proteins, as well 

as the glycine, tyrosine and cystine contents, were different for wool and mohair and 

could be species specific. The British Textile Technology Group represented their 

chemically based method of fibre identification as shown in Figure 2.18. 
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Figure 2.18: Schematic presentation of animal fibre identification and 

classification procedure (Anon, 1989). 

A possible fibre identification method, based upon differences in the molecular weights 

of polypeptides dissolved from different animal fibres, was investigated by Speakman 

and Horn (1987). The polypeptides (0.2 g) of Lincoln wool, Merino wool, mohair, Alpaca 
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and cashmere fibres, were dissolved by treating the samples for 18 hr at room 

temperature in 100 ml of a solution containing 0.2 M mercaptoethanol and 0.1 M 

disodium hydrogen phosphate, adjusted to pH 11. The dissolved polypeptides were 

precipitated by acidifying the solutions, re-dissolved, and examined by polyacrylamide-

gel electrophoresis (PAGE), in the presence of sodium dodecyl sulphate (SDS), on 

homogeneous 15% slab gels, Coomassie blue staining being used. The polypeptide 

extracts of the low sulphur proteins were found very useful in the identification of the 

individual fibre types covered in the investigation. The polypeptide extracts of the wool 

fibres had higher molecular weight values, and based on these values, wool fibres could 

clearly be distinguished from mohair, alpaca and cashmere fibres. Differentiating 

between fibres from the same breed of animals (e.g. Merino and Lincoln wools) was 

found to be difficult, because of the overlap in molecular weights of the polypeptides 

dissolved from these fibres. This difficulty was also experienced in distinguishing 

between mohair and alpaca. Presumably this method would not work very well for 

animal fibre blends, particularly unknown blends.  

Llama fibres have frequently been substituted for mohair due to their visual similarities, 

the same applying for cashmere and yak. Laumen et al., (1990) investigated the 

possibility of differentiating between these fibres by 1D-SDS-PAGE analysis. Figure 

2.19 shows electrophoretical patterns published by Laumen et al., (1990):    
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Figure 2.19: Densitometric traces of different llama/mohair (Laumen et al., 1990). 

Laumen et al., (1990) based their identification on the intensities of peaks 3 and 4, 

noting that these peaks increased with the increasing proportion of mohair. Rane and 

Barve (2010) also investigated the possibility of animal fibre identification using SDS 

PAGE. These researchers applied a different extraction method to those previously 

reported (Ley and Crewther, 1980; Sagar et al., 1990 and Marshall et al., 1986). Their 

method enabled 75% of the proteins to be extracted, which was considered an 

improvement compared to the previous extraction methods. It was, however, concluded 

that SDS PAGE analysis cannot distinguish between different types of animal fibres 

present in blends.  
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Wortmann et al., (2010) reported on a fibre identification method, using SDS Gel 

electrophoresis, to distinguish between shahtoosh and fine cashmere fibres. The 

method successfully distinguished between the two fibre types even in the chemically 

processed state, and they concluded that a combination of their method and SEM could 

offer an unambiguous means of identifying shahtoosh and cashmere fibres.  

2.3.5.2 Chromatography 

Corfield and Robson (1955) were among the first researchers to explore the amino acid 

composition of wool fibres using chromatographic techniques. These researchers 

supported the contention that wool is not a homogeneous protein, stating that 

differences in amino acid composition should be expected from different wool samples. 

Other early applications of chromatographic techniques, in animal fibre analysis, include 

protein fractionation of reduced Merino wool by Joubert and Burns (1967). Rivett et al., 

(1988) described, and discussed, fibre identification methods based on the application 

of High-Performance Liquid Chromatography (HPLC) and Gas Chromatography (GC). 

Wool and cashmere samples were supplied by the Wool Research Organization of New 

Zealand (WRONZ) and Dawsons International in Scotland, respectively, for the 

analysis. These fibre samples were cleaned by sequential extraction with t-butanol and 

heptane, as described by Leeder et al., (1983), after which the internal lipids were 

collected by soxhlet extraction, using chloroform/methanol aceotrop, as described by 

Gale et al., (1987). Extracts from total digests were obtained by hydrolyzing the fibre 

with 2M potassium hydroxide at 60°C. The lipids were obtained by first acidifying the 

hydrolisate and then extracting with chloroform. The results showed that the major 

sterols were cholesterol and desmosterol in the internal lipids of wool and cashmere 

fibres, and that the ratio of cholesterol/desmosterol could form a basis for wool and goat 

fibre identification. The amino acid analysis of different animal fibres, including mohair 

and wool, has also previously been investigated using HPLC and Table 2.7 presents 

results obtained in various studies for the amino acid composition of different animal 

fibres using different chromatographic techniques (Crewther et al., 1965).  
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Slight, and statistically insignificant, differences, in the amino acid composition between 

different sheep breeds and species, were found. Sterol and fatty acid compositions, 

from wools of different sheep breeds, and from different climatic regions, have also 

been investigated for fibre identification purposes by Logan et al., (1989), who 

concluded that sterol and fatty compositions can be of additional value in the animal 

fibre classification of existing methods.  

Using high-performance liquid chromatography (HPLC), Tucker et al., (1990) proposed 

the use of external and internal lipids as identification and classification features for 

natural animal fibres. They concluded that the ratios of certain fatty acids, such as 

palmitic/linoleic or stearic/linoleic acids, could be useful for distinguishing between 

speciality fibres, such as cashmere and cashgora, and mohair fibres.  

An automatic animal fibre identification method, based on the analysis of the profile of 

internal fatty acid, using gas chromatography, was proposed by Gochel et al., (1995). 

More than 130 fine samples of different origins (wool, alpaca, cashmere, angora, 

mohair, yak, cashgora and camel hair) were analysed. They found that the fatty acid 

proportions could be used to identify and distinguish between different animal hairs. 

Some of the fatty acids were found in certain protein fibre types and not in others, and 

these researchers observed that this could also form a basis for classification of animal 

fibres. However, no information on blend composition analysis was reported.  
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Table 2.7: Amino acid composition of different protein fibres (Tucker et al., 1990). 
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2.3.6 Vibrational Spectroscopic Techniques 

Over the past three decades, a great deal of research in the textile industry, particularly 

the speciality fibre industry, has focused on the identification and classification of animal 

fibres but the textile industry still seeks methods to do so unambiguously, unequivocally, 

and quantitatively particularly when in blends. With the use of vibrational spectroscopy 

techniques, it is possible to examine the protein-polypeptide structure (Panayiotou, 

2004). These techniques include Infrared (IR) and Raman spectroscopies, certain 

studies investigating their suitability for the identification of textile fibres. These two 

techniques (IR and Raman spectroscopy) provide complementary chemical information 

of materials, and a combination of the methods can provide a large amount of 

information about the proteins and their respective amino acids. The increased 

availability of these techniques, particularly IR and Raman microscopes, is believed to 

have largely influenced their increased application for the investigation of biological 

samples (Chalmers et al., 2012). Fourier Transform Infrared (FTIR) and Raman 

spectroscopy can provide considerable analytical data in a very short period, and the 

problem of handling such extensive amounts of data can be minimized by the 

application of special data processing methods, such as Chemometrics (Panaiotou, 

2004; Zoccola, 2013) and artificial neural networks (Jasper and Kovacs, 1994). Most of 

the spectral information, gathered from biological samples (such as wool) is due to the 

protein structure and the small changes in the position and the intensity of the chemical 

bands (Rintoul et al., 2000). Vibrational spectroscopic techniques have also been used 

in the evaluation of the effects of proteolitic enzymes on the surface keratin proteins. 

Different structural conformations of keratin polymer were observed after wool 

enzymatic treatments in different buffer solutions (Wojciechowska et al., 2004). Some of 

the research, involving vibrational spectroscopic techniques, is discussed in the 

following section. It is important to mention that although the main focus of this research 

is on the application of these techniques in animal fibre studies, such as wool and 

mohair, reference is also made to human hair due to the great similarities in their 

chemical and morphological profiles.   
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2.3.6.1 Infrared Spectroscopy 

Another well established and recognized technique in qualitative, and occasionally 

quantitative, analysis of organic materials, is that employing infrared spectroscopy, 

particularly in the mid-infrared (MIR) region. This technique offers much to the scientist, 

such as minimal sample preparation, its non-destructive nature, speed, small sample 

size and the detailed information about the different types of bonds present in the 

sample. IR spectroscopy exploits the fact that molecules rotate and vibrate at specific 

frequencies, depending on their discrete energy levels (Houck, 2009). The IR spectrum 

is collected by exposing the sample to infrared radiation, over a range of energies within 

the IR region. IR spectroscopic methods have been widely adopted, especially in the 

forensic examination of biological materials and in hair research (Pande, 1994), mainly 

due to its speed and non-destructive nature. Nevertheless, this technique has not been 

widely applied for characterization of animal fibres due mainly to the fact that these 

materials produce diffuse and poorly defined spectra. The development of Fourier 

Transform Infrared (FTIR) instruments, together with IR microscopes, has opened up 

the possibility for IR analysis of single fibres. FTIR spectroscopy involves a 

measurement of wavelength and intensity of the absorption of IR radiation by the 

analyte. The IR spectral data of high polymers are usually interpreted in terms of the 

vibrations of a structural repeat unit. The vibrations of the polypeptide and protein 

repeat units give rise to nine characteristic IR absorption bands, namely, amide A, B, 

and amide I−VII. Of these amide bands, I and II are the two most dominant vibrational 

bands of the protein backbone. Amide vibrations are characteristic of the peptide bond. 

The most sensitive spectral region to the protein secondary structural components is the 

amide I band (1700−1600 cm−1), which is due almost entirely to the C=O stretch 

vibrations of the peptide linkages.  Therefore, a variation in the composition of fibre 

peptides should be reflected in the amide bands, these being readily studied through 

vibrational spectroscopic methods, such as FTIR and Raman spectroscopy. Because 

the amide II band appears as a very weak feature in Raman spectra of keratin 

materials, the FTIR spectroscopic analysis was adopted for the analysis of the amide 

bands.  
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The initial reports of the applications of IR spectroscopy in studies involving keratin 

fibres, such as wool and human hair, includes those by Weston (1955), Stein and 

Guarnacio (1959), Robbins (1967). The IR bands at 1040, 1070, 1125 and 1177 cm-1 

were found to be the oxidation products of amino acid cystine to cysteic acid in wool 

and hair fibres (Signori and Lewis, 1997; Jones et al., 1998). Strassburger (1985) 

applied FTIR to study the quantitative oxidative damage in human hair after chemical 

treatment, with the amide III and CH2 & CH3 bending modes used as the internal 

standards to which the cysteic acid band was normalized. Brenner et al., (1985) 

observed that the position of this sulphonic acid band varied from 1042 to 1046 cm-1 

and concluded that it could be used to distinguish chemically treated fibres from the 

untreated.      

Some of the first chemical band assignments of the infrared spectroscopic keratin fibre 

spectra were made by Bendit (1966). Shah and Gandhi (1968) investigated the spectral 

changes in the IR spectra of Merino wool fibres after 0.4 % and 1% periodic acid 

treatments, respectively. These researchers noted that there were no changes in 

chemical bands, especially those that define a typical natural animal fibre IR spectrum, 

namely the amide I, amide II and the amide III bands. Spectral features that had not 

been identified prior their work, were observed at 1370 cm-1 and 1040 cm-1. These 

bands were presumed to be due to the sulphoxide groups and –SO3-...-
+H3N- or –SO2-

NH, respectively. 

The importance of Infrared spectroscopic methods has also been examined for their 

application in the quantitative analysis of some binary mixtures of fibres, including wool-

terylene of unknown blend compositions (Clark and Hickie, 1975). Two methods were 

used in their study, namely the absorbance and the relative-absorbance method. In the 

absorbance method, the absorbance of the band was plotted against the fibre content 

or concentration, while in the relative absorbance method, the ratio of the absorbencies 

from two bands, one from each component of the binary mixture, was plotted against 

the fibre content. The absorption of chemical bands, selected for wool and Terylene, 

were the amide I band, at 1615 cm-1, for wool, and the =C-O stretching band, at 1225 

cm -1, for Terylene. The choice of bands was such that the band was exclusively from 
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the fibre component of interest, with no contribution from the other component in the 

blend. The absorbance method was found to provide satisfactory results, yielding 

straight line relationships, the absorbance of the amide I chemical band increasing with 

the wool content in wool/Terylene fibre blend. Clark and Hickie (1975) concluded that 

the technique may not be applicable to the analysis of fibres belonging to the same 

generic group, such as wool and mohair, since they will have these share similar 

absorption spectral information, making it impossible to distinguish between them.  

The possibility and applicability of near-infrared photo-acoustic spectroscopy have also 

been investigated for distinguishing between wool and polyester fabrics, as well as the 

analysis of wool/polyester blend fabrics (Davidson and King, 1983). These researchers 

concluded that the photo-acoustic spectroscopy of the near infrared region has a 

potential for identifying and classifying between wool, polyester and cotton textile 

materials. It was suggested that techniques, identifying the secondary structure of 

proteins, would be useful for distinguishing between animal fibres, such as silk and 

wool.  

Based upon their work on wool, cashmere and silk fibres, Jasper and Kovacs (1994) 

proposed the application of a non-destructive technique, involving near infrared (NIR) 

spectroscopy and neural networks. They concluded that identification, using this 

technique, was rapid and fairly reliable.  

Wang et al., (2005) reported on the results of various techniques, namely FTIR 

microscopic analysis, differential scanning calorimeter (DSC) and thermogravimetric 

analysis (TGA), for differentiating between different types of animal fibres, including 

cashmere and fine wool from merino sheep. The FTIR analysis showed that animal 

fibres could be differentiated by using the position of the peak near 1040 cm-1. This 

chemical band is due to the S-O stretching cysteic acid residues and appeared stronger 

at 1019 cm-1 in the Chinese cashmere spectrum, while a weak absorption band was 

observed at 1079 cm-1 in the Australian cashmere and wool spectra. Žemaitytė et al., 

(2006) used FTIR for identifying wool from different sheep breeds and different regions, 

camel hair, llama and some goat hair. These researchers noted that white goat hair 
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could be distinguished from the rest of the fibres by the absence of the peak at around 

3100 cm-1. A method, based on the application of visible and near infrared spectroscopy 

(Vis/NIRs), has also been investigated for the rapid and reliable identification and 

classification of animal fibres (Wu et al., 2008). This investigation involved developing a 

model using principal component analysis (PCA) and artificial neural networks (ANN). 

Wu et al., (2008) reported that the model they built was able to discriminate cashmere 

from wool. They concluded, however, that the method was only applicable to the 

analysis of pure animal fibre samples and not for blends. Liu et al., (2008) reported on 

the investigation they conducted on the possible identification of wool and cashmere 

using FTIR spectroscopy. The accompanying Table 2.8 summarizes their results. The 

FTIR chemical bands in the table are typical of all keratin fibres. 
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Table 2.8: Keratin fibre FTIR chemical bands (Liu et al., 2008). 

Spectral region (cm-1) Chemical bands found 

998-1100  S-O vibration and C-H bend 

1210-1290  C-O stretching 

1361-1470  Amide III, C-N stretch 

1500-1572  Amide II, N-H bend 

1600-1700  Amide I, C=O stretch  

1720-1750  Esters, C-C(O)-OR 

2850-3000  =C-H, C-H 

 

Based on the peak heights or intensities of the amide I and amide II bands, Liu et al., 

(2008) could differentiate between cashmere samples from different countries. These 

researchers claimed that the C-H, C-N and C-O stretching vibrations may shift, and the 

shape of the bands may differ, according to the type of animal fibre, and that these 

features could be used to distinguish different animal fibres. Zhou and Xiao (2008) also 

claimed that the only spectral feature that could distinguish between cashmere from 

different origins and some wool samples was the intensities of the S-O stretch which is 

a component of cysteic acid residues (R-SO3). A typical animal fibre FTIR spectra is 

shown in Figure 2.20. 
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Figure 2.20: Typical FTIR spectra of cashmere fibres (Liu et al., 2008). 

Near Infrared spectroscopy (NIRS) is one of the spectroscopic analytical methods that 

have received wide application in studying textile materials, due to their ease of 

operation and some other advantages. Burns and Ciurczak (2001) reviewed some of 

the NIRS methods applied in the characterization of textile materials. Yao et al., (2008) 

made use of FTIR to monitor changes in the wool secondary structure after stretching, 

in a process used to produce slenderized wool. This study involved treating the wool 

fibres with a reducing agent, NaHSO3, to break the disulphide bonds and facilitate 

stretching and fibre deformation. The authors observed shifts in positions of the amide I 

and amide II chemical bands after such stretching, these being associated with the 

transformation of the secondary structure, from an α-helix to a β-pleated-sheet 

conformation. 

McGregor et al. (2011; 2017) investigated the possible application of FTIR for identifying 

different animal fibres, including wool and cashmere from different origins. He found 

that, even though the intensities of some FTIR chemical bands could significantly 

distinguish between wool and cashmere fibres, there was a huge overlap which made 
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the identification of the fibre origin very difficult. He concluded that FTIR did not hold 

promise as a technique that could be applied in distinguishing between natural animal 

fibres, particularly wool and cashmere. Liu et al., (2013)   noted that the Vis/NIRs can be 

applied in the identification of keratin fibres, particularly wool and cashmere. However, 

no quantitative results were reported in their study. 

2.3.6.2 Raman Spectroscopy 

Raman spectroscopy is another technique that has been applied in the analysis of 

textile materials. Much like infrared spectroscopy, this technique, analyses vibrational 

and rotational modes of the sample molecules (Houck, 2009). Though both IR and 

Raman spectroscopy are vibrational spectroscopies and provide similar information, 

Raman spectroscopy is often preferred for studying most organic polymers. Many 

organic polymers possess a highly polarizable backbone and do not have large dipole 

moments, because of the repeated identical units which cancel adjacent dipoles, and 

because of this, Raman intensities, associated with the backbone vibrations, are often 

intense, whereas these appear to be weak in the IR spectra. The fact that most of the 

very valuable properties of polymeric fibres and films are controlled by the orientation of 

the polymer backbone, makes Raman spectroscopy more suitable, than IR 

spectroscopy, for the analysis of such materials (Michielsen, 2001). Another advantage 

of Raman spectroscopy is that it provides information about the -SS- groups, through 

oxidation and reduction, which cannot be obtained using IR spectroscopy, and has been 

valuable in studying changes in the secondary structure of various proteins (Lippert et 

al., 1975; Mikhonin et al., 2004).  

A major challenge, encountered in conventional Raman instruments, is that of 

fluorescence, which can totally swamp the weak Raman signal, this being particularly 

common in the analysis of biological materials, such as keratin fibres (wool, mohair, 

etc.). The development of Fourier Transform (FT) Raman instruments, using near 

infrared excitation, has made the analysis of molecules and biological materials possible 

without fluorescence and with a minimum possibility of sample degradation associated 

with the high laser powers necessary for sample illumination. This technique has also 
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received wide application in the hair industry, in determining the chemical and structural 

changes associated with hair treatments (Akhtar et al., 1997). One of the aspects that 

has gained Raman spectroscopy its popularity, especially in studying organic samples, 

is its insensitivity to hydration state of these samples. A wide range of studies, covering 

the application of Raman spectroscopy in the analysis of different types of fibres, for 

forensic purposes, has been reviewed by Fredericks (2012).  

A significant factor, influencing the price of greasy wool, is its wax content i.e. the 

greasy secretion of the sebaceous glands of the sheep, generally referred to as wool 

grease. Church et al., (1994) investigated the possible application of Raman 

spectroscopy for determining the wax content of raw wool samples, solvent extraction 

and near infrared analysis (NIRA) traditionally being applied for this purpose. These 

researchers concluded that the Raman based method offered an improved accuracy, 

and that it was rapid. Raman spectroscopy is also valuable for determining the 

degradation of keratin fibres (Church et al., 1996; Wilson et al., 1999). Liu and Yu 

(2005) applied Raman spectroscopy and tensile tests to determine the changes induced 

by stretching merino wool at different stretching ratios, of up to 110 %. Figure 2.21 

shows some of the Raman spectra which they obtained. 
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Figure 2.21: Raman spectra of wool fibers with different stretch ratios: (a) 0, (b) 

30, (c) 50, (d) 80, and (e) 110% (Liu and Yu, 2005). 

Liu and Yu (2005) focused on the amide I, amide III and the C-C skeletal vibration 

regions. Other chemical bands of interest were the S-S and the C-S bond vibration 

spectral regions. They found that the S-S chemical band at 513 cm-1 gradually 

decreased with an increase in the ratio of stretching. Their results showed that 

stretching transformed the secondary structure of wool keratin from the α-helix into the 

β-pleated-sheet structural conformation.  

Carter et al., (1994) investigated the application of Fourier Transform (FT) Raman 

spectroscopy in the analysis of wool fibres, which had presented a problem before, 

because of the fact that wool fluoresces at exposure to visible or UV radiation. A great 

advantage of the development of the FT Raman spectroscopic systems was the 

reduction of such fluorescence. Carter et al., (1994) investigated the stability of wool 
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fibres, at different laser powers, and the optimum conditions for acquiring good wool 

Raman spectra, their results being summarized in Figure 2.22:  

Carter et al., (1994) observed no damage to the wool fibre as the laser power was 

increased up to 400 mW. An improvement in the quality of spectra was observed with 

an increase in the laser power, a decrease in the signal-to-noise ratio being observed at 

laser powers below 200 mW. A 300 mW laser power and 1000 scans were found to be 

optimum.  

 

Figure 2.22: Effect of laser power on the FT Raman spectrum of raw Merino wool 

(A) 400 mW, (B) 350 mW, (C) 300 mW, (D) 250 mW, (E) 200 mW, (F) 150 mW, (G) 

100 mW and (H) 50 mW (Carter et al., 1994). 
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Chemical band assignments, of the Raman-active normal modes of vibrations for wool 

above the 1660 cm-1 spectral region, were published for the first time by Carter et al., 

(1994). These include the strong broad band centred at 3302 cm-1 and the sharp 

chemical band of moderate intensity at 3062 cm-1, assigned to the N-H stretching 

vibration (amide A) and the first overtone of the C-H bending vibration (Amide B), 

respectively. A typical wool Raman spectrum is shown in Figure 2.23. 

 

Figure 2.23: Typical FT Raman spectrum of untreated wool (Carter et al., 1994). 

The authors detailed a comparison of the conventional Raman spectrum obtained in 

studies before, in the spectral region below 1600 cm -1, with that obtained using the FT-

Raman system, one of the differences being the position of the amide I band, 1653 cm-

1, previously found in the 1658 cm-1 region. 
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Jurdana et al., (1995) made use of the confocal laser Raman microprobe in studying 

wool, human hair and feathers. The main aim of their work was to acquire spectra from 

various keratin fibres, and to investigate the potential of laser Raman spectroscopy in 

wool textile research. They also investigated the existence of differences in the wool 

cuticle and cortex spectra and possible applicability of the confocal Raman microprobe 

technique for studying the chemical modification over a single wool fibre. In their study, 

the spectral region between 1740 and 1230 cm-1 was selected, and it is in this region 

where the characteristic keratin bands, namely the strong amide I, amide III and the C-H 

bending, occur. The amide III region is conformation sensitive and slight differences in 

intensities between the cuticle and cortical cell spectra were observed in this chemical 

band, with the cuticle spectra having higher intensities than the cortex. This was 

attributed to the cuticle of the wool fibres containing a higher proportion of the 

amorphous phase. A small shift in the amide band of the cuticle to the cortex region was 

found to be amongst the minor distinguishing features between the Raman spectra of 

the cuticle and cortex. A summary of band assignments, and their positions, is given in 

Table 2.9: 

Table 2.9: Raman band assignments of wool and human hair (Jurdana et al., 

1994). 
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Jurdana et al., (1995) concluded that the laser-based Raman microprobe/confocal 

microscope system was a useful technique for identifying minor differences in the 

protein composition of the cuticle and cortex of wool and human hair. They also applied 

a procedure, described elsewhere (Lippert et al., 1975), to determine the secondary 

structure of different keratin fibres, including merino and Lincoln wool. This method is 

based on the ratios of the relative intensities of the 1246 cm-1 and the CH2 and CH3 

bending mode (near 1447 cm -1), these ratios not being different for the merino and 

Lincoln wool samples, as was expected.      

Using the Fourier Transform Raman (FTR) spectroscopy, Church et al., (1997) 

investigated the chemical changes in the protein structure, especially the secondary 

structure, of the cuticle and cortical cells of merino wool fibres. The experimental 

procedure involved in the extraction of cuticle and cortical cells from the wool fibres, 

Figure 2.24 showing SEM micrographs of the cortical and cuticle cell fragments.  
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Figure 2.24: SEM micrographs of cuticle cell fragments (top) and cortical cells 

(bottom) isolated from the Merino wool fibre (Church et al., 1997). 
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Church et al., (1997) collected their Raman spectra, by means of a Bruker RFS-100 FT 

Raman spectrometer, equipped with an Adlas Nd: YAG laser. Some of the samples 

were charred at laser powers greater than 100 mW. A spectral resolution of 4 cm-1, and 

the averaging of five spectra and 1024 scans, were found to improve the signal to noise 

ratio. The selected spectral region was between 1800 and 300 cm-1. Similar spectra 

were observed for the cuticle and cortical cells and the whole fibre (see Figure 2.25). 

The main characterizing features of an animal fibre Raman spectrum include the amide 

I (around 1670 cm-1), C-H bending (around 1450 cm-1), Amide III (around 1270 cm-1) 

and the S-S stretching (around 512 cm-1). Some of the observed differences, between 

the cuticle and cortical cells spectra, were in the shape and the position of the peak 

maxima of the amide I band.  

 

Figure .25: FT Raman spectra of (A) cuticle cell fragments, (B) cortex fragments 

and (C) whole Merino fibres (Church et al., 1997).  

The peak maxima of the amide I band for the cuticle and cortical cells were observed at 

1669 cm-1 and 1656 cm-1, respectively. These differences in peak heights were 
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attributed to the different structural conformations of the peptide chains. The 

deconvolution studies of the amide I band revealed an increase in the 1671 cm-1 band 

from the cortical to the cuticle spectra, which was attributed to an increased disordered 

conformation at the expense of the α-helical content. The results obtained in this study 

showed that the wool cuticle contained a higher cystine content than the cortical cells 

(cortex), as reflected in the strong S-S chemical band at 512 cm-1, which was stronger in 

the cuticle spectrum than in the cortical cell spectrum. Church et al., (1997) concluded 

that Raman spectroscopy is a valuable tool for studying the changes, in the protein 

secondary structure of wool fibres, induced by stretching. 

Subsequently, Church et al., (1998) also conducted an in-depth study, using Raman 

spectroscopy, to examine the conformational changes caused by stretching wool fibres. 

The Raman spectra in Figure 2.26 shows the deconvolution of the amide I band, from 

(a) unstretched and sulphite treated wool fibres and (b) stretched and sulphite treated 

wool fibres. 

 

Figure 2.26: (a): The deconvolution of amide I band obtained from unstretched 

sulphite treated wool fibres (b): The deconvolution of amide I band obtained from 

sulphite treated wool fibres stretched 66 %: ф= Tyr/Trp side chains, α= α-helical, 

β/D= β pleated sheet and disordered conformations, CONH2 = amide groups of 

asparagines and glutamine residues (Church et al., 1998).. 
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Significant differences in the band shape and shift in the peak maxima, in the amide I 

region, were observed by Church et al., (1998), who further observed that these 

differences were also evident in the amide III region, especially in the 1247 cm-1 peak. 

Jones et al., (1998) applied FT Raman and FTIR spectroscopies to study the photo-

oxidation of wool keratin fibres and the protective effect of the UV absorber Cibrefast W. 

A worsted fabric, produced from New Zealand crossbred 35-micron wool, was used in 

their study. The research made use of a Nicolet 950 Raman spectrometer, equipped 

with a liquid nitrogen cooled germanium detector and the samples were excited with a 

Neodymium-YAG laser, operating at 1064 nm wavelength. A laser power of 500mW, 

and a spectral resolution of 4 cm-1 with 3000 scans (to optimize the signal-to-noise 

ratio), were used. The intensity of the S-S chemical band (at 513 cm -1) decreased with 

increased light exposure times. After 52, 104 and 208 hours of exposure, the average 

decrease in intensities of the S-S chemical band were 16, 19 and 28 %, respectively, 

indicating that photo-oxidation of the amino acid cystine has occurred.  

The applicability of vibrational spectroscopic techniques, namely FT Raman, mid-

infrared attenuated total reflectance (ATR), mid-infrared diffuse reflectance and near 

infrared diffuse reflectance, has also been investigated for the quantitative analysis on 

fabrics of wool/polyester blends (Church et al., 1999). The least squares (LS) and partial 

least squares (PLS) approaches were used for the analysis of spectral data. The ATR 

and first derivative NIR techniques were found to be promising for quantitative analysis 

of wool/polyester blends and these techniques provided useful results when they were 

applied to commercial samples.  

With the purpose of investigating changes induced by dye-keratin interaction, Pielesz et 

al., (2003) showed the dominance of the α-helical structure in undyed fibres and fabrics, 

constituting above 50% of the total secondary structure.    

Cho (2007) investigated the use of Raman spectroscopy in the forensic laboratory, wool 

and silk fibres being sampled. Raman spectra of fibres were acquired in the 125-4000 

cm-1 spectral range at 50s scan time of each fibre sample. The results showed that the 
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main difference between the wool and silk fibres was the presence of about 11-12 % in 

the amino acid, cystine, in wool, and none in the silk fibres.  

The high content of the diamino acid residue cystine in keratin fibres distinguishes these 

fibres from other fibrous proteins. Cystine provides keratin fibres with the mechanical 

and structural stability through the formation of the disulphide S-S linkages 

(Feughelman, 1997; Kuzuhara et al., 2007).  In a typical Raman spectrum of proteins, 

the S-S stretching band is found in the 500- 550 cm-1 spectral region. Akhtar et al. 

(1997) stated that “in most naturally occurring proteins and peptides the stretching 

vibration of the S-S bond has a maximum peak at 510 cm-1, corresponding to the 

existence of these proteins and peptides in the gauche-gauche-gauche structural 

conformation, which is the lowest potential energy conformation of the S-S bonds”. 

Raman band components of the S-S stretching vibration are also observed at around 

525 and 540 cm-1 for proteins and peptides, corresponding to the gauche-gauche-trans 

and trans-gauche-trans structural conformations, respectively (Sugeta et al., 1972; 

Sugeta et al., 1973). The band resolution of the S-S stretch has been widely 

recognised, especially in the investigation of changes after chemical treatments of 

proteins (Kuzuhara, 2017; Kuzuhara, 2005; Wojciechowska et al., 2004; Nakamura et 

al., 1997).   

2.3.7 Other Techniques 

Earlier attempts, in the development of a suitable technique for the identification of 

animal fibres, include the work by Smuts and Slinger (1972), who proposed the use of 

single fibre against-scale friction as a way of distinguishing between Buenos Aires (BA) 

wool and mohair. They made use of an unpolished ebonite capstan attached to the A-

cell of an Instron tensile tester. Their results showed that BA wool could be 

differentiated from mohair, even when the two are in a mixture. The use of fibre frictional 

properties to distinguish and blend compositional analysis of animal fibres was also 

reported on later (Smuts et al., 1980). This technique has, however, not been adopted 

to unequivocally distinguish between different animal fibres, mainly due to its highly 
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specialized and time-consuming nature and the fact that chemical treatments can affect 

the fibre friction.  

A study, aimed at verifying the possible applicability of liquid chromatography (LC) 

coupled with electrospray mass spectrometry (ESI-MS) in the identification and 

classification of different animal fibres, was conducted by Paolella et al., (2013). This 

technique combines the powerful ability of mass spectrometry to identify molecular 

structures and the ability of liquid chromatography to separate proteins. Keratin 

proteins, from cashmere, wool and yak hair fibres, were extracted using a procedure, 

with slight modifications, described by Nakamura et al., (2002). Keratin proteins, 

extracted from different animal hair fibres, were enzymatic digested in trypsin, followed 

by analysis on the LC/ESI-MS. It was found that it was possible to distinguish between 

cashmere and yak hair fibres, one of the problems faced by the industry of rare animal 

fibres. One of the problems associated with this method is that some harsh treatments 

on the fibre damages the keratin and this leads to small yields of keratin during the 

extraction stage. Paolella et al., (2013) concluded that more work was necessary, 

especially on samples of different blend compositions and different fibre/fabric 

treatments, to improve its accuracy in terms of blend composition analysis. A year later, 

using a number of samples, with differing blend compositions and different chemical 

treatments, the method was found to produce satisfactory results  and providing a 

possible means for quantification of cashmere and yak, which is difficult to achieve 

using the CSH SEM-technique (Vineis et al., 2014).   

Other advances in the development of a more accurate and objective technique, in the 

identification of animal fibres and quantitative analysis of their intimate blends, include 

the assessment of the PCR-RFLP analysis of the mitochondrial 12S rRNA gene (Geng 

et al., 2012).  

The results, obtained in a preliminary investigation into the possible application of 

monoclonal antibodies to type II keratins for animal hair fibre identification and 

classification, proved positive (Paluzzi et al., 2004). A method to objectively identify and 

classify different animal fibres, such as cashmere and wool, has been proposed (Tonetti 
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et al., 2012). This approach involved the assessment of three different solvent systems, 

namely metabisulphite/urea, dithiothreitol DTT/urea and thiourea/urea/DTT, in terms of 

efficiency and repeatability in the extraction of keratin from animal fibres. The DTT/urea 

and thio/urea/DTT extraction methods were found to be the more efficient, providing 

high protein yields. Protein separation was carried out using 1D-electrophoresis. Two 

kinds of monoclonal antibodies (P21 and I6), named “anti-cashmere”, were tested for 

both qualitative and quantitative analysis of wool/cashmere fibre blends. The results 

obtained correlated very well with the results obtained using the SEM. Tonetti et al., 

(2012) concluded that, depending upon validation, this method could be useful and 

important for objective identification and classification of animal hair fibres. 

Nevertheless, this method involves quite a number of preparation steps, which 

complicate the analysis. The differential scanning calorimetry (DSC) is amongst the 

technique that have also received application in the analysis of keratin fibres. DSC is a 

commonly used method in determining polymer crystallinity and usually involves 

measuring the melting point and related enthalpy. It measures the heat flow that occurs 

in a sample when it is heated, cooled or held isothermally at constant temperature. 

Using DSC, it is possible to detect endothermic and exothermic effects; to measure 

peak areas obtaining information about transition and reaction enthalpies; to determine 

the specific heat capacity, the melting point, the crystallization behaviour, the glass 

transitions of amorphous materials and the endothermic effects related to some 

decomposition reactions. Hence, thermal analysis represents a powerful tool to 

investigate the thermal modification of the fine structure of complex materials, such as 

cashmere, wool and hairs (Tonetti et al., 2014). In fact, fundamental relationships were 

found between thermal behaviour of the main morphological components, fibre 

properties and associated performances. These researchers concluded that DSC could 

be used as a rapid and cheap qualitative method of animal fibre identification, but is 

unlikely to be suitable for fibre blend analysis.  

Terahertz spectroscopy represents another technique which has been investigated as a 

substitute for the existing tedious microscopy-based animal fibre identification methods 

(Kurabayashi et al., 2009; Kurabayashi et al., 2010). According to Molloy and Naftaly 

(2013), some of the benefits of the terahertz spectroscopic method include its non-



100 
 

destructive nature, the ability to analyze a large area of the material, and the fact that 

the analysis is fast.  

Animal fibre surface texture includes scale thickness, scale shape and the scale interval 

or length. A technique (wavelet texture) based on animal fibre surface texture was 

developed and proposed by Zhang et al., (2010) for distinguishing between cashmere 

and superfine wool fibres. This method uses images taken from the SEM, with further 

work, involving the use of images from a light microscope being planned. 
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2.4 LITERATURE REVIEW SUMMARY  

2.4.1 General  

 Wool, mohair and cashmere belong to a group of natural fibres, popularly known as 

animal fibres, with wool having the highest global production and application of this 

group. Animal fibres consist mainly of proteins known as keratins. Keratin proteins 

are distinguished from other proteins, by the high content of the amino acid cystine.  

 Mohair belong to a class of animal fibres known as speciality, sometimes referred to 

as luxury or rare fibres, due to their low production volumes and the fact that these 

fibres have an image of outstanding quality and also possess certain sought-after 

properties, such as lustre and softness. Because of this, rare animal fibres are 

generally very expensive compared to sheep wool of similar fibre diameter.   

 Fibres from different animal species are sometimes blended to achieve various 

effects, such as improved properties (additional beauty, colour, softness, durability 

or lustre) and often for cost saving purposes.  

 The large price differences between certain animal fibres have led to certain 

unscrupulous manufacturers blending relatively inexpensive animal fibres, such as 

sheep wool, with expensive rare fibres (cashmere, mohair, camel hair, etc.) to 

benefit from the reduced cost while still passing off the product as if it contained only 

the rare fibre and thereby benefiting from the superior quality image and price 

benefit of the rare fibre.  

 About 10-15 % of undeclared substitutes had been discovered in mohair products 

tested at the Deutsches Wollforschungsinstitut (DWI) in Germany, with some 50 % 

of products tested were falsely labelled.   

  At present, only the slow, costly, labour intensive SEM CSH based method is 

internationally accepted for quantitative wool/mohair blend analysis. Hence, the 

textile industry is in need of a fast, reliable and less subjective technique to analyse 
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the composition of animal fibre blends. Both physical and chemical techniques have 

been investigated for their applicability, with none entirely satisfactory in this respect.  

2.4.2 Techniques Applied for Animal Fibre Identification and Blend Analysis 

Animal fibre identification has traditionally relied on microscopy-based methods and 

these have been internationally accepted and standardized in IWTO 58-00, ISO 17751, 

the AATCC method 20 and various ASTM standards. 

 Initially, animal fibre identification relied on the examination of the fibre surface, by 

light microscope, for scale frequency, prominence and pattern. Nevertheless, not 

only is this method subjective, labour intensive, time consuming and expensive, but 

certain chemical treatments can affect the fibre surface scale structure and reliable 

fibre identification.  

 To date, the cuticle scale height (CSH) method, using an SEM, has proved the most 

accurate in distinguishing between wool and mohair and has been widely accepted 

by the textile industry internationally, with wool having CSH values generally ranging 

between 0.5 µm and 1.1 µm while that of mohair generally range from 0.1 to 0.5 µm. 

This method is described in IWTO 58-00 test method, which is currently the only 

international standard, used for distinguishing between wool and mohair. 

 Although the SEM CSH method (IWTO-58-00) has proved to be both accurate and 

reliable, and is widely accepted for wool/mohair blend analysis, it is time consuming, 

labour intensive, expensive and requires an operator with considerable training and 

expertise. Hence the need for an alternative method which is as accurate, but less 

operator dependent, time consuming, labour intensive and expensive. 

 Atomic force microscopy (AFM) measurement of CSH represents an alternative 

method to SEM, for distinguishing between wool and mohair, also providing 

additional fibre surface related information. This technique is, however, even more 

time consuming and expensive than that based on the SEM and, because of this, 

has not been adopted for identifying and classifying animal fibres on a routine basis. 
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 Deoxyribonucleic acid (DNA) analysis has proved to be a potential technique for 

animal fibre identification technique, and a potential substitute for the time-

consuming microscopy-based techniques. Such a technique relies heavily on the 

extraction of a DNA of maximum purity from the fibre sample. Nevertheless, DNA 

degradation, thermal and chemical treatments, difficulty in the extraction of a 

sufficient contaminant free DNA and the time required for the analysis can impact 

negatively on successful identification of animal fibres using the dot-blot DNA 

hybridization analysis. 

 Within the above context, the development of a DNA analytical method, applying a 

polymerase chain reaction (PCR), has proved an important step towards a more 

reliable and accepted test method for routine analysis. Contrary to the conventional 

dot-blot hybridization method, high quality DNA is not a prerequisite for PCR based 

methods. The PCR-RFLP (restriction fragment length polymorphism) and real-time 

PCR DNA based techniques were found to distinguish well between animal fibres, 

and the latter possessing potential to be applied for quantitative composition 

analysis of wool and cashmere blends. The DNA method has recently been 

standardized as an International Standards Organization (ISO) method for 

qualitative analysis of animal fibres.  

 Animal fibre proteins are classified into low-sulphur, high- sulphur and high-tyrosine 

proteins and the electrophoretic analysis of these showed a significant variability for 

different species of the same breed and even for fibres from the same animal. 

Although the various animal fibres contain the same amino acids, they do differ 

somewhat in the amount of certain amino acids, particularly cystine and cysteic acid 

contents, which they contain. As a result, considerable research has been devoted 

to the use of electrophoresis as a tool for animal fibre identification and 

classification. Mohair extracted proteins were found to be rich in glycine and tyrosine 

relative to wool fibres. Wool samples contained a high content of the sulphur rich 

amino acid cysteine. The difficulty to analyze chemically treated fibres, the overlap in 

the ranges of amino acids, and the impossibility of quantitative analysis of blends are 

amongst the reasons that this method has never been adopted as an internationally 
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acceptable technique for animal fibre blend analysis. Nevertheless, the ratios of 

certain specific amino acids may have potential in this respect, and warrants further 

investigation, since such a method could lend itself to automation, or at least semi-

automation.  

 Chromatographic methods confirmed that indeed wool is not a homogeneous 

protein. Gas and high-performance liquid chromatography showed that distinction 

between animal fibres, using chemical techniques, is a difficult task. Minor 

differences have been observed in the peak heights of the chromatograms of 

internal and external lipids of different animal fibres, but once again it was found 

difficult, if not impossible, to use this for the accurate identification and quantitative 

analysis of the composition of blends containing different animal fibres. 

 The power of vibrational techniques, such as Infrared (IR) and Raman spectroscopy, 

in the analysis of biopolymers has been recognised. Mainly because of its speed 

and non-destructive nature, IR spectroscopy has received wide application in 

forensic investigations and in the hair industry. It has been utilized in the analysis of 

animal/synthetic fibre blends, using the baseline method approach. A combination of 

IR spectroscopy, chemometrics and artificial neural networks (ANN) has been found 

useful in the qualitative, but not quantitative, analysis of different animal fibres.  

 FTIR studies have shown that there might be differences in the positions of certain 

chemical bands, such as the band at 1040 cm-1, which appear at different positions 

in different animal fibres. The relative peak heights and positions of the amide I and 

amide II bands have also been found to hold potential in the identification and 

classification of animal fibres. Nevertheless, no successful quantitative analysis has 

been reported using this method. Some researchers concluded that FTIR related 

techniques do not hold potential for distinguishing between wool and mohair fibres, 

because of their similar basic chemistry.  

 Raman spectroscopy has found important application in the textile industry, 

especially in studying wool keratin, for determining wax content in raw wool samples 

and keratin fibre structure and degradation. This technique has proved useful for 
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studying changes in the secondary structure of different proteins, including wool and 

human hair keratin. Stretching may induce changes in the structural conformation of 

the keratin polymer with the S-S chemical band decreasing with the increase in the 

ratio of stretching. Minor differences have also been observed, between the cortex 

and cuticle of some keratin fibres, including wool. Differences included the band 

shapes and the minor shifts in the peak maxima of certain bands such as the amide 

I.  

 Developments in mass spectrometry and liquid chromatography (LC) based 

methods for identifying molecular structures and protein separation, respectively, 

could hold future potential, but further research in these areas is still required. 

 Other techniques, based on antigen–antibody specific selectivity (for example, 

applying monoclonal antibodies named „anti-cashmere, Terahertz spectroscopy, 

wavelet texture and fibre frictional properties, have been investigated as possible 

subsitutes for the laborious LM and SEM methods, but none have, as yet, received 

significant application or acceptance in practice.  
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2.5 MOTIVATION 

As evident from an exhaustive literature survey, a great deal of research has been 

directed towards developing alternative techniques for unambiguously distinguishing 

between various animal fibres and quantitative analysis of their blends. Differences in 

certain amino acids extracted from the proteins of different animal fibres and the subtle 

differences in the IR profiles of different fibres, indicates that Raman based technique 

could hold potential as cost-effective technique for animal fibre characterization and 

their identification. The simplicity in the operation of Raman spectroscopy techniques, 

the fact that no sample preparation is required and the non-destructive nature of this 

technique makes it attractive as potential alternative technique to the existing tedious 

and laborious microscopic techniques, for identification of different animal fibres. To the 

best of my knowledge and belief, this thesis contains no material that has been 

previously published by any other person except where due reference and citation is 

made. 
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CHAPTER THREE 

EXPERIMENTAL METHODOLOGY 

3.1 INTRODUCTION 

This chapter provides details of the materials, sampling, test methods, procedures and 

statistical analyses used in this study. It also presents factors that could possibly affect 

the Raman spectra of animal fibres and provides ways of minimizing the possible 

effects. One of the most important advantages of the Raman spectroscopic examination 

of fibres is that very little time is required for preparing the samples for testing.  

3.2 MATERIALS 

Commercially scoured wool and mohair samples from different countries (listed in Table 

3.1) were provided by the Council for Scientific and Industrial Research (CSIR) in Port 

Elizabeth. The wool samples analysed in this study were in the form of tops, mostly 

randomly selected from various sheep breeds: including Lincoln, Buenos Aires, 

Corriedale, Merino and Romney. Among these wool tops are BR lots (tops produced 

from different merino and merino related sheep breeds), OSP (tops produced from 

mixtures of fleece wools with non-fleece types or out sorts, such as bellies and backs) 

and PP (tops produced from producer lots as well as from mixtures of wool differing in 

either mean fibre diameter or staple length or both) (Botha, 2005). A comprehensive 

database of mohair samples from various countries of origin is available at the CSIR 

and the following mohair samples were randomly selected from this database for use in 

the current study.  

South Africa : 25 samples 

Texas  : 21 samples 

Turkey : 6 samples 

Lesotho : 1 sample 

Argentina       : 1 sample 
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In Table 3.1, a list of wool and mohair samples analysed in the current study, together 

with their average fibre diameters, is contained.  

Table 3.1: Details of wool and mohair samples tested. 

WOOL MOHAIR 

Sample ID MFD (µm)* Sample ID MFD (µm)* 

 

 

Dorset horn (DH) 33.8 *SB  30.0 

Corriedale 27.4 *742  24.5 

Romney marsh 34.5 *376  31.2 

Lincoln1 (L1) 33.8 *146  39.6 

Lincoln2 (L2) 35.1 *1048  29.1 

Lincoln3 (L3) 32.3 *20  32.5 

Lincoln4 (L4) 32.9 *712  31.3 

BR05 25.3 *1126  28.4 

BR11 23.0 *319  31.2 

BR14 24.2 1098 36.5 

BR20 23.1 1078  29.1 

BR28 25.4 1136 34.6 

BR36 22.6 1052 35.9 

BR41 21.2 1129 34.4 

BR42 23.1 1136 34.6 

BR43 21.1 1045 26.7 

BR44 23.8 1109 28.0 

BR45 21.6 1091 30.3 

BR55 20.2 1060 29.6 

BR58 19.3 1006 31.0 

BR59 19.7 1002 33.1 

BR65 19.4 1861 29.8 

BR66 20.6 1089 35.9 

BR71 22.7 Mohair-labs A 25.4 

BR74 23.4 Mohair-labs C 39.9 

BR81 22.5 Mohair-labs D 31.0 

BR82 24.0 1968 32.9 
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WOOL MOHAIR 

Sample ID MFD (µm)* Sample ID MFD (µm)* 

 

 

BR83 22.0 1975 35.8 

BR85 24.4 TYG1-Istanbul 31.3 

BR86 21.0 TYG2-Istanbul 30.8 

BR88 24.4 Texas Int. Mohair INC-#705 36.5 

BR91 24.1 Texas Int. Mohair INC-#708 33.9 

BR95 22.0 Texas Int. Mohair INC-#721 36.3 

BR100 23.7 Texas Int. Mohair INC-#737 27.1 

BR103 20.4 Texas Int. Mohair INC-#728 29.2 

W2 (washed) 26.7 Texas Int. Mohair INC-#734 29.2 

W4 (washed) 25.4 Texas Int. Mohair INC-#748 

(washed) 

34.8 

W10 (washed) 41.0 New Mexico Kid-365 

(washed) 

29.8 

W16 (washed) 30.5 TA1-Istanbul 35.6 

W18 (washed) 35.8 TA2-Istanbul 36.5 

W26 (washed) 45.3 TK1-Istanbul 28.0 

W28 (washed) 18.4 TK2-Istanbul 28.2 

W38 (washed) 41.0 Samil-Samil Combing Lot 1 26.6 

W52 (washed) 36.6 Samil-Samil Combing Lot 2 27.0 

W54 (washed) 35.4 Samil-Samil Combing Lot 3 34.9 

W56 (washed) 29.4 Samil-Samil Combing Lot 4 24.9 

OSP21 21.5 Samil-Samil Combing Lot 7 31.0 

OSP26 22.8 Samil-Samil Combing Lot 8 33.9 

OSP40 22.5 Samil-Samil Combing Lot 11 27.3 

OSP49 21.2 Texas super kid-TXSK 

(washed) 

23.3 

OSP51 22.1 BK11401-Lesotho 48.4 

Merino1 18.9 AYG - Argentina Young Goat 

AYG (8W-7) 

29.5 

CBP SS6 

(Merino) 

20.2 1117 28.1 

CBP SS4 

(Merino) 

18.2 1028 32.6 

PP66 22.3   

BR47 20.8   

BR54 20.3   
 *MFD: Mean Fibre Diameter 
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It is worth mentioning that all the samples in Table 3.1 were analysed on the Bruker 80V 

FTIR/Raman spectrophotometer.  

A random selection, which ensures that every sample have an equal chance of being 

selected (Fienberg, 1989),  of five wool and four lustre mohair fibre samples, as shown 

in Appendix I (a), was made and taken to the University of Witwatersrand for micro-

Raman spectroscopic analysis.  

Eight wool and eight mohair samples, as shown in Appendix I (b), were also selected, 

randomly, from the database in Table 3.1 and sent to the University of Cape Town for 

Attenuated Total Reflection (ATR) Fourier Transform Infrared (FTIR) - LUMOS micro-

spectroscopic analysis. 

3.3 WOOL AND MOHAIR SAMPLE TREATMENT 

The samples in Table 3.1 (except for the W labelled wool samples) used in this study 

were analysed as received and were not pre-treated (i.e. washed or cleaned) prior to 

Raman or IR micro-spectroscopic analysis. These samples have all undergone 

commercial scouring. However, because the W labelled (i.e. W2-W56) wool samples 

had been stored for some decades, enclosed in glass containers with mothballs 

(naphthalene) for protection against moths, they had to be re-washed before any 

spectral acquisition could be performed. Despite the strong odour of naphthalene, these 

samples deceptively appeared clean in the eye. These W labelled samples were 

washed using a washing detergent, followed by several rinses in distilled water, 

ensuring that any traces and the strong odour of naphthalene was removed. After 

washing, these samples were allowed to dry at room temperature. An FT Raman 

spectral comparison of these samples before and after they were washed is presented 

later in section 3.5 of this thesis.   

The micro-Raman and the ATR-FTIR spectroscopic analyses of single fibres did not 

involve any kind of treatment prior any spectral acquisition, fibres were analysed as 

received.  
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3.4 EXPERIMENTAL PROCEDURE AND INSTRUMENTATION 

The instrumentation, sample preparation and experimental methodology involved in the 

three characterization techniques used in this study namely Fourier-transform (FT) 

Raman spectrophotometer, a Horiba Lab-RAM HR Raman micro-spectrometer and the 

Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) - LUMOS Micro-

spectroscopy are described in the section that follows.  

3.4.1 Sample Preparation 

One of the  most significant advantages of the FT Raman fibre analysis include the fact 

that no special sample preparation is required. The large sample compartment of the 

Bruker Ram II FT Raman system can house an extensive range of pre-aligned sampling 

accessories, designed to accommodate all types of sample formarts, ranging from 

powders to liquids in vials. For this research study a bulk bundle of parallel fibres was 

drawn from each of the sample bags and prepared by flattening (by use of hand) into 

approximately 2 mm thickness and was inserted in the sample compartment for 

analysis, as shown in Figure 3.1 (b) (indicated by arrow). At least three fibre bundle 

specimens were drawn from different parts of each bag and two measurements were 

made on each, performing one measurement from each spot along the length of each 

fibre bundle, making a total of six spectra from each sample.  

Raman micro-spectroscopic analysis involved placing a group of individual wool or 

mohair fibres flat on a glass slide and securing both ends of each fibre onto the slide 

with an adhesive tape, ensuring that they do not move during spectral acquisition. 

Fibres were placed in a random manner in the slide, such that they were differently 

aligned with respect to the plane of polarisation. Figure 3.1 shows light microscopic 

images of fibres prepared on a glass slide with different orientations.  
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Figure 3.1: Optical microscopic images of wool with different orientations. 

During the ATR-FTIR LUMOS micro-spectroscopic analysis, the fibre is brought into 

contact with the tip of the Germanium (Ge) crystal (100 µm in diameter) on all 

predefined measurement positions. Three positions or spots were chosen from each 

fibre and these were separated by approximately two centimetres.  
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3.4.2 Instrumentation and Experimental Design 

3.4.2.1 FT-Raman Spectrophotometry 

 Instrumentation  

All the samples listed in Table 3.1 were analyzed using the Bruker Ram II FT-Raman 

module (Figure 3.2a).  The Bruker FT Raman system used in this study is a dual-

channel FT-Raman spectrophotometer coupled to the VERTEX series multi-range FT-

IR spectrophotometers. This system combines fast and easy sample handling with 

maximum suppression of disturbing flourescence. 

 

Figure 3.2: Bruker 80V FTIR/Raman spectrophotometer setup. 
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 Spectroscopic aspects  

A variety of factors and operating conditions play a role in the signal-to-noise (S/N) ratio 

or the quality of a Raman spectrum, including the laser power, spectral resolution and 

acquisition time (number of scans). These conditions were investigated for this research 

and Table 3.2 summarizes the conditions that were found to be optimal for the current 

study of wool and mohair samples and well compared with those used by Carter et al., 

(1994), the first published research involving the analysis of wool fibres using FT 

Raman spectroscopy. The quality of the spectra obtained in the current research and 

the wool spectra reported by Carter et al., (1994) were comparable and largely 

unaffected by the significantly different acquisition time and spectral resolution used in 

the two studies.  

Table 3.2: Operating conditions used in this study and those in Carter et al. 

Parameter Carter et al., 

(1994) 

This study 

1. Laser type Nd:YAG Nd:YAG 

2. Laser power 50-400 mW 500 mW 

3. Laser wavelength 1064 nm 1064 nm 

4. Resolution 8.0 cm-1 4.0 cm-1 

5. Acquisition time 4 hours 1 hour 
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 Experimental design 

In all FT Raman experiments of this study, a bundle of parallel fibres was mounted and 

exposed to a monochromatic laser beam by clamping it in front of a silvered mirror.  

When the laser light strikes the fibre bundle, a portion of this laser light is scattered, with 

most of it having a similar wavelength as the original incident light (elastic scattering). A 

minor share of the incident light hits the sample in such a way that it transfers a small 

quantity of energy to the molecules of the sample (inelastic scattering). In a Raman 

experiment, this inelastic scattering is detected, giving a plot of the intensity versus the 

energy difference between the incident laser light and the scattered (detected) light 

(Raman shift in wavenumbers). On exposure characteristic bands of wool and mohair 

were observed including the very strong CH2 asymmetric stretch (around 2932 cm-1), 

the amide I (1654 cm-1), the CH2 & CH3 bending modes (1450 cm-1) and the S-S stretch 

(around 508 cm-1). This research study focused mainly on the comparison of variables 

extracted from spectra of wool and mohair, these including the band positions 

(wavenumbers), relative peak heights or intensities and band areas. Initially, 

comparison of wool and mohair FT Raman spectra was done visually, searching for the 

absence or presence of spectral bands that could be specific to one fibre type. Table 

3.3 contains variables that were extracted from wool and mohair spectra for comparison 

purposes. 

Table 3.3: Variables extracted from wool and mohair FT Raman spectra. 

 Replication* 

Variable Wool Mohair 

1. Peak positions 6 6 

2. Band areas 1 1 

3. Relative peak heights 6 6 

*Number of spectra from each sample. 
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The Raman spectral peak position or wavenumber analysis was performed on the 

individual spectra of each sample. A comparison of these peak positions between wool 

and mohair was conducted for possible shifts that could be specific to one fibre type to 

help in distinguishing between the two fibres. 

The band areas under certain chemical bands were also extracted from wool and 

mohair Raman spectra. These were also performed on the average spectra for each 

sample. From these band areas the conformations of the secondary structure of 

proteins and polypeptides of wool and mohair fibre samples were determined, based on 

the ratio of the area under amide I band to that of the CH2 & CH3  bending modes. The 

amount of the disulphide –S-S- bonds for wool and mohair were also determined for 

comparison purposes. According to literature, these could be calculated from the ratios 

of the area under the disulphide –S-S- stretching vibration to the area under the CH2 & 

CH3 bending modes.   

Relative peak heights of certain Raman bands were extracted from wool and mohair 

spectra. A variation in the relative peak heights was observed from one wool sample to 

the other and also from one mohair sample to the other and because of this variation, a 

relationship between these relative peak heights or intensities and mean fibre diameter 

was investigated. This analysis was performed on the average spectrum of each 

spectrum.  

Relative peak heights, from which the peak height ratios were determined, were 

extracted from each individual wool and mohair Raman spectra for comparison between 

the two fibres.   

3.4.2.2 Raman-Micro Spectrometry 

 Instrumentation 

A Horiba Lab-RAM HR Raman micro-spectrometer, equipped with a couple of  

excitation laser souces for sample irradiation, was used in this study of wool and mohair 

single fibres.  
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 Spectroscopic aspects 

The mico-Raman spectroscopic results presented later in the research findings chapter 

(Chapter Four) of this thesis were obtained using the green 514.5 nm Ar+ ion laser. 

Because the results obtained using the 785 nm laser excitation provided a very bad 

signal-to-noise ratio, only the results obtained using the green 514.5 nm Ar+ ion laser 

are considered for the current study. The measurements were performed using a 50× 

Olympus objective and a ~ 1µm spot size diameter. Each specrum was acquired at 60 

seconds acquisition time. An appropriate automated fluorescence suppression and 

background subtraction method was applied on the Raman scattering measurements. 

The laser power was deliberately kept low during all measurements to minimize the 

background fluorescence and possible temperature variation effects on the samples, 

with a laser power of 4 mW being used. The spectral acquisition and pre-processing 

were done using the Horiba LabSpec® 5.0 software and Origin Lab 8.0 software 

packages. 

 Experimental Design 

Similarly to the FT Raman analysis, characteristic bands include the very strong CH2 

asymmetric stretch, the amide I, the CH2 & CH3 bending modes and the disulphide S-S 

streching vabration. For this research study, the spectral information, of interest, 

extracted from the micro-Raman spectra included the band positions (wavenumber) and 

the peak heights for certain bands. Table 3.4 summarizes the variables that were 

extracted for comparison of wool and mohair single fibres. 
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Table 3.4: Spectral information extracted from the micro-Raman spectra of wool 

and mohair. 

 Replication* 

Variable Wool Mohair 

1. Peak positions 4 4 

2. Relative peak heights 4 4 

*Number of spectra from each sample. 

Different fibre orientations (as shown earlier in Figure 3.1), with respect to the 

polarization plane of the incident laser, may provide variation in the micro-Raman 

spectra of protein fibres. This may involve changes in the absolute peak height, band 

position and band shape. In this study, the application of Ratiometric analysis was found 

to mitigate significantly the effects of different fibre orientations, particularly on the 

Raman peak heights.  

An appropriate automated fluorescence suppression and background subtraction 

method was applied on the Raman scattering measurements.  

Four fibre snippets were randomly selected from each sample on the glass slide and 

one measurement was performed on each fibre.   

3.4.2.3 ATR-FTIR LUMOS Micro-Spectrophotometry 

 Instrumentation 

The IR analysis of single wool and mohair fibres was done using a Bruker ATR-FTIR 

LUMOS micro-spectroscopic analysis and the instrumental parameters are summarized 

in Table 3.3. For many samples, as is the case for most keratin fibres, the size of the 

infrared beam is usually greater than the fibre diameter. The aperture size was reduced 

from 100 x 100 µm in order to ensure that only spectra of the sample and not of the 

sample stage/holder were acquired.  
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Table 3.3: FTIR-LUMOS operating conditions. 

Software OPUS 7.5 

FTIR Mode ATR (Germanium crystal) 

Number of scans 32 

Resolution 2 cm-1 

Spectral range 400-4000 cm-1 

Aperture size 50 x 50 µm 

 

Spectra were acquired at three different positions along the length of each wool or 

mohair fibre. Three single (i.e. individual strands) fibres were randomly selected and 

analysed from each sample (F1 to F3).  

 

 Experimental Design 

The characteristic IR bands of wool and mohair include the amide bands I, II and III, the 

CH2 & CH3 bending modes and cysteic acid bands, etc., and in this study the ATR FTIR 

micro-spectroscopic analysis of wool and mohair focused on the extraction of 

wavenumbers, peak heights and band area values for the characteristic bands using the 

baseline method and curve fitting procedure. These were compared for possible 

differences between the two fibre types using the statistical tools.   

3.4.3 Data Pre-Processing 

Critical in all experimental procedures, is the careful consideration of pre-processing the 

data before further analysis. This step is very significant in the analysis of any 

vibrational spectrum, such as Raman and IR spectra. The most routinely used pre-

processing methods include baseline correction, smoothing and normalization. All 

spectral data pre-processing in the current study was performed using the OPUS 7.2 

(Bruker Optik GmbH, Ettingen, Germany) and Origin Lab 8.0 (OriginLab® Corporation, 

2007) software packages.  
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The normalization of all Raman spectra of the wool and mohair fibre samples was 

carried out based on the CH2 and CH3 bending modes chemical band (at 1450 cm-1), 

which is insensitive to secondary structure conformation (Church et al., 1997). For each 

chemical band, the band intensity or peak height was calculated from the peak to a 

baseline drawn between the points as shown in Figure 3.3. The prominent bands in the 

Raman spectra of wool and mohair were selected for ratiometric analysis and Table 3.4 

summarises their spectral positions (wavenumber) and their baselines.  

Table 3.4: Band positions with corresponding baselines. 

Chemical band Band position  

(cm-1) 

Reference Baseline (cm-1) 

CH2asymmetric stretch 2932 Carter et al., (1994) 2804-3112 

Amide I 1656 Jurdana et al., 

(1995) 

1569-1745 

CH2 & CH3 bending  

modes 

1450 Church et al., (1997) 1377-1507 

Phe & Trp 1004 Carter et al., (1994) 994-1018 

Skeletal C-C stretch   936 Carter et al., (1994) 912-984 

Tyr   644 Carter et al., (1994) 633-659 

Phe   622 Carter et al., (1994) 613-632 

S-S stretch   508 Carter et al., (1994) 445-613 
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Figure 3.3 illustrates how the baseline method was applied in determining the Raman 

band intensities or peak heights from the wool and mohair fibre spectra. The most 

relevant, a total of eight chemical bands, relative peak heights were extracted from each 

spectrum.   

For micro-Raman analysis of single fibres, the spectrum acquisition and pre-processing 

was done using the Horiba LabSpec® 5.0 (Horiba Scientific, Ediso, NJ, USA) and Origin 

Lab 8.0 software packages. These included the extraction of the relative peak heights 

using the baseline method and finding the accurate band positions (i.e. wavenumbers). 

A similar normalization process as the FT Raman spectra was carried out for the micro-

Raman spectra.  

The extraction of the peak heights, for the amide I and amide II chemical bands, and 

accurately locating band positions of ATR FTIR micro-spectroscopic spectra was 

achieved through the use of OPUS 7.2 and Origin Lab 8.0 software packages. Curve 

fitting was applied to determine the intensities, wavenumbers and the band areas for the 

IR bands found in the wool and mohair single fibres. 
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Figure 3.3: Illustration of the extraction Raman peak heights using the baseline method. 
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3.4.3.1 FT Raman Spectral Database 

Later in this thesis, section 4.2.1.4, the possible identification of wool and mohair using 

a Raman spectral database is presented. This database included average Raman 

spectra from all the samples contained in Table 3.1. Before all query spectra could be 

matched with the database, normalization methods had to be performed to assess the 

influence in the accuracy of the search results, with the available normalization methods 

including the Vector and the Min-Max normalization methods.  

3.4.3.1.1 Vector Normalization 

This normalization method calculates the average y-value of the spectrum. The average 

value is subtracted from the spectrum decreasing the mid-spectrum to y=0. The sum of 

the squares of all y-values is calculated and the spectrum is divided by the square root 

of this sum. The vector norm of the result spectrum is 1. Vector normalization was 

assessed for the application prior the spectral search study. The application of this 

normalization technique was accompanied with a decrease in the hit quality index (HQI) 

values, compared to the Min/Max normalization.   

3.4.3.1.2 Min-Max Normalization 

This is often used with spectra which optical layer thickness varies, to be able to 

compare these spectra with each other. For example, the spectra of a powder sample 

which have been compacted unequally during separate measurements. The shape of 

the single spectra remains, and the difference between the spectra can be detected 

more easily. An appropriate derivative can be selected from the list, these including a no 

derivative, first derivative or second derivative. These were assessed for the 

improvement in the accuracy of the spectral search results and the results are given 

later in section 4.2.1.4 of this thesis. 
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3.5 Experimental Factors Which Could Affect Raman Peak Heights 

A major problem often encountered in the conventional Raman spectroscopic analysis 

is that of fluorescence which can totally swamp the very weak Raman signal. This is 

common phenomenon when studying biological materials such as in this case wool and 

mohair fibres. The influence of this fluorescence and other factors such as variation in 

sample thickness in Raman spectral features are presented in this section.   

3.5.1 Comparison of Washed and Unwashed Fibre Spectra 

A comparison of spectra from washed fibre sample and the unwashed fibre sample is 

shown in Figure 3.4, with the only observable difference being the weak spectral feature 

found around 1380 cm-1 of the spectra from the unwashed fibre sample.  
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Figure 3.4: FT Raman spectra of unwashed wool (red) and washed wool (black).  

This peak was consistently observed for all the samples that have been kept in the 

bottle containers (W labelled samples in Table 3.1) with moth balls (naphthalene). A 

Raman spectrum of naphthalene (moth ball) is shown in the Figure 3.5 (McCain et al., 
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2008). The spectrum is characterized by the dominant or very strong and sharp peak 

around 1380 cm-1.   

 

Figure 3.5: Raman spectrum of naphthalene (McCain et al., 2008). 

The black spectrum in Figure 3.4 confirmed that after these samples were washed all 

the remains or traits of aphthalene were completely removed. Three wool (W) samples 

were examined before and after they were detergent washed, the most prominent 

Raman chemical bands being chosen for this analysis. A spectral comparison, using 

peak position and relative peak heights, was conducted for a few of the W labelled wool 

samples before and after they were re-washed the results are presented in Table 3.4. It 

was found that, for all the analysed samples, there were no changes in the peak 

positions after they were washed, only small and insignificant increase in the peak 

heights or intensities of the skeletal C-C stretch and the amide I bands being observed 

after washing. Statistical comparison of average values proved that these were 

statistically insignificant (p˃0.05). The average relative intensities of the S-S stretch 

band decreased slightly after the samples were washed. Nevertheless, the observed 

difference, in the mean values, was proved to be6 statistically insignificant (p˃0.05). 
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Table 3.4: Comparison between spectra acquired from washed and unwashed 

wool fibre samples. 

 Before cleaning After cleaning 

Chemical band Peak position 

(cm-1) 

Peak height 

(a.u) 

Peak position 

(cm-1) 

Peak height 

(a.u) 

CH2 asymmetric 

stretch 

2932 4.925 2932 4.992 

Amide I 1655 1.657 1655 1.670 

CH2 & CH3 bending 1450 1.760 1450 1.757 

Phe & Trp 1004 0.601 1004 0.616 

Skeletal C-C stretch 936 0.316 936 0.343 

Tyr 644 0.189 644 0.186 

Phe 622 0.116 622 0.116 

S-S stretch 512 0.435 508 0.403 

 

3.5.2 Fibre Sample Thickness  

A challenge encountered in this investigation at the initial stages of this research was 

keeping the thickness of the fibre bundles fairly constant and the initial investigation of 

this study involved examining the influence of varying sample thickness on the wool and 

mohair FT Raman spectra. A simple experiment was carried out, during which the 

thickness of the wool or mohair fibre bundles (test specimens) was deliberately varied to 

determine the effect on the Raman bands. A fibre bundle (FB1) was drawn from the 
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container and inserted on the instrument for spectral acquisition and after the 

acquisition the same fibre bundle was folded once to produce a test sample 

approximately double in thickness (FB2). Kumar et al., (2015) argued that variations or 

fluctuations in sample thickness are most likely to occur in practice, irrespective of how 

carefully the sample has been prepared and that could this could affect the peak height. 

It was also found that, in the current study, the main challenge experienced was to keep 

the thickness of the fibre bundles approximately constant. As evident in Figure 3.6, 

doubling the thickness of the fibre bundle, was accompanied by a vertical shift in the 

Raman spectra, resulting in increased peak heights or intensities of not less than 10% 

for all the analysed Raman bands. 
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Figure 3.6: Effect of doubling wool sample thickness on Raman spectra. 

When a third fibre bundle (FB3) was constructed by folding FB2 once, a further increase 

in the absolute band intensities was observed (Appendix 2 (a)) and occasionally a 

considerably large decrease of peak heights was also observed which might probably 

be attributed to the significantly large absorption of the excitation laser photons, 

resulting in very small backscattered signal reaching the detector. According to Kumar 
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et al., (2015), the simple approach of taking peak height or intensity ratios (ratiometric 

analysis) can significantly reduce the effect of the sample thickness variation. This is 

illustrated for the present study in Figure 3.7: 

 

Figure 3.7: Effect of sample thickness on Raman peak heights. 

In Figure 3.7, b, the Ratios A-G represent the absolute intensities of the very strong CH2 

asymmetric stretch, the amide I, Phe & Trp (around 1004 cm-1), skeletal C-C stretch, 

disulphide S-S stretch, Tyr (near 643 cm-1) and Phe (at 622 cm-1), respectively, as a 

ratio of the intensity of the CH2 and CH3 bending modes.  

3.5.3 Laser Drift During Spectral Acquisition 

The wavelength of the laser must remain constant during spectral acquisition in order to 

avoid deterioration of the spectral resolute. The laser drift was also investigated as a 

possible factor which could influence the variation of the fibre Raman spectral features. 

Raman band relative intensities, extracted using the baseline method, were then 

analysed for variability for each of the fibre bundles and spots. Figure 3.8 shows, as an 

example, baseline corrected Raman spectra for wool and mohair fibre bundles. Most 

notable is the random change in the average relative peak heights from spot to spot (a, 

b or c) within the same fibre bundle. This may be as a result of the existing 
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heterogeneity of wool fibres which could not only be observed in fibres of different 

individual animal but along the length of the same fibre (Marshall and Gillepsie, 1988).   
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Figure 3.8: Relative peak height variation along the length of the fibre bundle. 

The statistical comparison of the average peak heights/intensities between the two fibre 

bundles drawn from the same sample container always proved that the two fibre 

bundles indeed have been drawn from the same fibre container for all the samples 

involved in this analysis, the student t-test proving statistical insignificance (p˃0.05) in 

the comparison of the mean relative intensity values of the two fibre bundles.  This was 

the case for all the samples involved in the investigation. 
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Figure 3.9: Variation in the Raman peak heights between fibre bundles of the same wool and mohair sample.
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In Figure 3.10 five spectra acquired from the same spot in a fibre bundle (365 New 

Mexico Kid mohair sample) are shown. Generally, it is noticeable that only very minor 

(i.e., insignificant) variations occur between the relative peak heights obtained from the 

same spot (see Figure 3.10 and Appendix 2). The relative peak heights, for all the 

analysed bands, were found to vary less than 2% at any single spot.  The observed 

small variations were random and might probably be due to the possible shift in focus of 

the laser beam during spectral acquisition.  
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Figure 3.10: An example of the relative peak height variation within the same 

spot. 

Spectra with strong fluorescence background (Figure 3.11) were also found to 

potentially contribute in the variation of the relative peak heights. There was a great 

difficulty in identifying and analysing the weak Raman bands, these including the S-S 

stretch (508 cm-1), the Tyr (644 cm-1) and Phe (around 622 cm-1) bands. Because of 

this, a decision to ignore such spectra was taken; the relative peak heights presented 

throughout this study does not include data taken from such spectra. 
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Figure 3.11: Wool Raman spectrum with a strong fluorescence background. 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1 INTRODUCTION 

The detailed results obtained on scoured wool and mohair fibre samples examined 

using the Bruker Ram II FT-Raman module, Horiba Lab-RAM HR Raman micro-

spectrometer and Bruker ATR FTIR-LUMOS micro-spectroscopy, are presented and 

discussed in this chapter, within the context of determining which of these provide a 

possible means for distinguishing between wool and mohair. The Bruker Ram II FT 

Raman system is the main Raman characterization technique and focus of this research 

because it is quick, easy to operate, reliable and could reduce cost of animal fibre 

identification tests. The analysis on the Bruker Ram II FTR system, moreover, does not 

require complex sample preparation. The latter becomes an important consideration in 

terms of cost reduction. The fact that the results also do not suffer from the risk of 

fluorescence is another added advantage of the Bruker Ram II FTR system. One of the 

disadvantages of the 1064 nm excitation wavelength used in the Bruker Ram II FTR is 

the inherently weak Raman bands, which is due to the strong dependence of the band 

intensity on the excitation wavelength. 

It should be noted that some of the Raman spectra to be presented in this chapter were 

acquired on a Horiba Lab-RAM HR Raman micro-spectrometer from the Raman 

Laboratory in the School of Physics at the University of the Witwatersrand in 

Johannesburg, and the results are briefly compared with the results obtained on the 

Bruker FTR spectroscopic system.  

The  results obtained from the micro-FTIR analysis aimed at investigating the possible 

application of the amide band ratio (amide I/amide II) for wool and mohair fibre 

identification and classification are also presented in this chapter, these having been 

performed at the Dermatology Department of the University of Cape Town (UCT), as 

detailed earlier.  
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4.2.1 FT Raman Spectroscopic Analysis 

Wool and mohair fibres share similar basic chemistry, comprising mainly keratin 

proteins, thus, making it extremely difficult to distinguish between them using chemical 

techniques. The current research project investigates the possible application of 

vibrational spectroscopic techniques, especially FT Raman spectroscopy, to distinguish 

between wool and mohair. The extensive literature review presented earlier in this 

research showed the huge reduction in fluorescence as the chief advantage of using FT 

Raman spectroscopy to study keratin fibres. Literature has also showed that differences 

exist in the amino acid composition of different keratin fibres, such as wool and mohair 

due to genetic, diet and environmental factors and also in the different fibre structural 

components (i.e. cuticle and cortex), with some researchers showing that these 

differences could be reflected in the Raman spectra, particularly in the intensities of the 

bands associated with respective amino acids. With these facts in mind, this research 

was initiated to assess the application of Raman spectroscopy for distinguishing 

between wool and mohair fibres. Compared to the traditional microscopic methods, 

which are time consuming and costly, and highly dependent on the experience of the 

operator, Raman spectroscopy is fast and does not require an experienced operator.      

Plots of wool and mohair average Raman spectra, obtained  in this study, are shown in 

Figures 4.1 (a) and (b) representing the n(CH) regions 2600–3200 cm-1 and the 400–

1800 cm-1, respectively. These spectral regions contain spectral features that are 

characteristic of protein or keratin fibres, including the amide I and III features and 

information about the skeletal backbone, including the disulphide S–S crosslinking 

modes of the cystine residues. In the spectral regions 0-400 cm-1 and 1800-2600 cm-1 

there are no spectral features of interest and have therefore been omitted in the 

spectra.  The spectra were acquired with 2000 scans (equivalent to 1 hour acquisition 

time), using the maximum laser power (i.e. 500 mW), and a spectral resolution of 4 cm-

1. These acquisition parameters produced spectra of adequate signal-to-noise ratio and 

were also highly reproducible.   
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Figure 4.1: Baseline corrected average FT Raman spectra of wool (red) and 

mohair (blue) in the (a) 2600-3200 cm-1 and (b) 400-1800 cm-1 spectral regions.  
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There were no observable differences in the Raman band shapes of wool and mohair 

spectra obtained in this study (as shown in Figure 4.1). Generally, wool and mohair 

have identical FT Raman spectral features which cannot in any way be distinguished 

with the naked eye as these fibres share similar chemical compositional information, 

there being no chemical band which is specific to one fibre type. Manually locating the 

exact spectral band positions of the characteristic bands in a spectrum can be time 

consuming and often in-accurate and often requires use of a software. A peak picking 

command in the OPUS 7.2 software package was used in this study to locate specific 

band positions of wool and mohair, both accurately and rapidly.   

Table 4.1 compares the wool and mohair band positions observed in this study with 

those found in other studies, namely those found for wool by Carter et al. (1994), one of 

the earliest published research studies on FT Raman analysis of wool fibres and those 

for mohair reported by Michielsen (2001), the only research article found containing 

Raman spectral information on mohair fibres.   
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Table 4.1: FT Raman band assignments for wool and mohair, respectively. 

          WOOL          MOHAIR    

           Intensity This study Carter et 
al., (1994) 

This study Michielsen 

(2001) 

Band   

Assignments 

3062 3062 3062 N.O Amide B, C-N-H bend 

overtone 

        S 

2976 2975 2976 N.O CH2 asymmetric methine 

stretch 

S, Sh 

2932 2931 2932 2930 CH2 asymmetric stretch VVS 

2880 2880 2880 2879 CH3 symmetric stretch S 

2848 2848 2848 N.R CH2 symmetric stretch W, Sh 

1655 1653 1655 1653 Amide  VS 

1616 1614 1616 N.R Tyr and Trp M 

1555 1553 1555 N.R Trp W 

1450  1448 1450 1450 CH2 & CH3 bending 

modes 

VS 

1340 1338 1340  N.R CH2 bend, Trp S 

1318 1318 1318 1310 Cα-H bend S 

1277 1281 1277 N.R Amide III (α) W 

1248 1244 1248 1245 Amide III (unordered) W 

1208 1207 1208 1208 Tyr & Phe  M 

1176 1176 1176 N.R Tyr W 

1156 1155 1156 1157 C-N stretch VW, Sh 
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Table 4.1 continued… 

WOOL MOHAIR    

This study Carter et 

al., 1994 

This study Michielsen 

2001 

 Band Assignments Intensity 

1126 1126 1126 N.R  C-N stretch W 

1083 1079 1079 1079  C-N stretch W 

1033 1031 1033 1035  Phe W 

1004 1002 1004 1003  Phe & Trp S 

 959  952  959  959  CH2 rock W 

 936  934  936  935  Skeletal C-C stretch (α) S 

 899  897  899  901  Skeletal C-C stretch (α) W 

 882  881  881  881  Skeletal C-C stretch (α) VW 

 854  851  854  855  Trp M 

 830  828  830  833  Tyr W 

 758  752  758  758  Trp M 

 662  661  662  661  Cys C-C stretch VW 

 645  642  645  647  Tyr W 

622 618 622 622  Phe W 

541 546 541 N.R  Cys S-S stretch W, Sh 

530 527 530 N.R  Cys S-S stretch W, Sh 

509 512 508 512  Cys S-S stretch M 

W-Weak, S-Strong, VS-Very Strong, VW-Very Weak, M-Medium, Sh-Shoulder, N.O-Not Observed, 

N.R-Not Reported. 
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As shown in the table (Table 4.1), the results of this study were found to compare well 

with results of the two earlier studies (i.e. Carter et al., 1994 and Michielson, 2001), with 

minor variations in the band positions. Raman spectra of wool and mohair are 

characterized by the very strong CH2 asymmetric stretching modes found around 2932 

cm-1, which is due to the C-H stretching of the lipid alkyl chains. The position of the 

maximum peak of this band was found to vary slightly (between 2931 and 2933 cm-1) in 

this study, for both wool and mohair. The strong amide I band, with the maximum peak 

position typically found around 1654 cm-1, is another spectral feature dominating the 

Raman spectra of natural animal or protein fibres. The amide I mode is predominantly 

due to the peptide carbonyl stretching vibration of the CONH unit, together with an out-

of-phase C-N stretching component, with some contribution also coming from the C-C-N 

deformation. In the current study, the position of the amide I peak maximum also varied 

slightly between 1654 and 1656 cm-1, corresponding to the dominance of the α-helical 

secondary structure of protein fibres (Church et al., 1997). This variation was observed 

in the Raman spectra of both wool and mohair and could not be associated with either 

fibre type. The amide I spectral region is rich in band components, including 

components around 1670 and 1690 cm-1, corresponding to different secondary 

structural conformations. These are resolved by a curve fitting procedure discussed in 

section 4.2.1.1 of this thesis. Another Raman band of strong intensity observed in all the 

spectra in the current study is the CH2 & CH3 bending modes, which was always found 

around 1450 cm-1 for both wool and mohair. This band is believed to be due to the CH2 

and CH3 deformation of the protein and lipids (Wang et al., 2016). Spectral features, of 

weak and medium strong intensities, from the aromatic amino acids were also observed 

in the 1300-1400 cm-1 spectral region. These include Raman bands due to aromatic 

amino acids, phenylalanine (Phe), tryptophan (Trp). Those of interest in this research 

are the overlap of the ring breathing modes of both phenylalanine and tryptophan (Phe 

and Trp found around 1004 cm-1), Tyr found near 644 cm-1, and the Phe (around 622 

cm-1). Another band of high significance in the Raman spectrum of natural animal fibres 

is the amide III band, which was always observed in the 1230-1310 cm-1 spectral region 

for both wool and mohair in the current research study. This spectral region produced a 

very complex pattern of bands due to the overlap of the frequency ranges characteristic 
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of the β-sheet (1230-1245) and random coil (1240-1255) (Herrero, 2007). The amide II 

band, which is very strong in the IR spectrum of keratins, appears as a very weak band 

around 1555 cm-1 in both the wool and mohair spectra. Raman spectra for keratin fibres 

also show the disulphide S-S stretch vibration (near 512 cm-1). The position of the main 

component of the disulphide S-S stretch band was found to vary between 506, 507, 

509, 510 and 512 cm-1 in the current study. These band positions are consistent with 

those found in the literature (Kuzuhara and Hori, 2002; Sugeta et al., 1973) for 

untreated wool fibres, being proof of the existence of wool protein structure in the 

gauche-gauche-gauche (GGG) structural conformation. 

Although there were some minor variations in the band positions (i.e. wavenumbers) 

between the wool and mohair spectra, these variations were not consistent and were 

not specific to one fibre type to allow them to be used in distinguishing between wool 

and mohair. The most complex bands, amide I and the S-S stretch, were analysed 

utilizing curve-fit OriginLab 8.0 and OPUS 7.2 software packages based on the 

Levenberg-Marquardt (LM) algorithm, the Gaussian peak shape being employed. The 

positions (wavenumbers) and the intensities of the amide and the S-S stretching 

vibrations, with those of their band components, have previously been found to be 

associated with the micro-structure of protein fibres. The deconvolution or curve fitting 

of the two bands was conducted with the aim of finding out whether any differences 

exist in the conformation of the secondary structure of the two fibre types.   

4.2.1.1 Curve-Fitting of the Amide I and S-S Stretching Vibrations 

In this section, the amide I and the S-S stretch vibrations from the Raman spectra of 

wool and mohair fibres are analysed in detail using the curve fitting technique. The 

shape, position, width and the height of a spectral band all contribute to the complete 

description of the IR or Raman spectrum. Friesen et al. (1991) stated that curve-fitting is 

an essential tool in the accurate description of several band components contributing to 

different bands in the entire spectrum.  The curve fitting results were compared for the 

wool and mohair spectra for potential differences in the protein secondary structures, 

characterized by slight differences in the position and band shape of the amide I band 
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(Akhtar et al., 1997). The spectral range selected for the fitting of the amide I band was 

between 1550 and 1750 cm-1.    

The spectral range 450-600 cm-1 was selected for fitting of the S-S stretching vibration. 

Because of the complexity of the amide I and the S-S stretch Raman bands, resolution 

of the two bands into their components was necessary. This was achieved by the curve 

fitting procedure, which was carried out using the OPUS 7.2 and Origin Lab version 8.0 

software packages. All bands in the normalized spectra were fitted with Gaussian curve, 

which provided very low errors compared to the Lorentzian curve fit. The band positions 

were estimated based on previous literature (Church et al., 1997; Rintoul et al., 2000; 

Wojciechowska et al., 2004) and the second derivative analysis. The quality of the fit 

was estimated by the reduced chi (χ2) value and the coefficient of determination (COD 

R2) (see Table 4.2 and 4.3). 

Table 4.2: The accuracy of wool and mohair FT Raman amide I curve fitting. 

 

Statistic 

Mohair Wool 

COD (R
2
) Reduced χ2 

values COD (R
2
) Reduced χ2 

values 

Average 0.999 3.54 x10
-5

 0.999 2.69 x10
-5

 

Standard deviation 

(σ) 

2.22x10
-16

 1.33x10
-5 

2.87x10
-4

 8.24x10
-6

 

Table 4.3: The accuracy of wool and mohair FT Raman S-S stretch curve fitting. 

 

Statistic 

Mohair Wool 

COD (R
2
) Reduced χ2 

values COD (R
2
) Reduced χ2 

values 

Average 0.997 4.95x10
-5

 0.998 1.53 x10
-5

 

Standard deviation 

(σ) 

1.44x10
-3

 2.65x10
-5 

1.43x10
-3

 2.97x10
-5
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The amide I band (around 1654 cm-1) and the S-S stretch (around 512 cm-1) 

components, found in wool and mohair spectra are summarized in Tables 4.4 and 4.6, 

respectively. The second derivative analysis was carried out to help locate band 

components in the amide I (1550-1750 cm-1) and the S-S stretch (480-550 cm-1) 

spectral regions. Figure 4.2 shows some examples of the typical FT Raman second 

derivative spectra for wool and mohair, respectively. These clearly indicates that the 

selected spectral ranges namely the amide I and S-S stretching vibration, indeed have 

identical spectral features for both wool and mohair.    

 

Figure 4.2: Raman second derivative spectra of the amide I (top) and the S-S 

stretch (bottom) spectral regions for wool (left) and mohair (right) fibres. 

According to these second order derivative spectra, the wool and mohair amide I and 

the S-S stretch spectral regions contain the same number of band components in the 



143 
 

same spectral positions, and hence cannot be used to distinguish between them. During 

curve fitting procedure, all parameters could vary except the component peak shape 

which was always kept at 100 % Gaussian. The best curve fitting results show that the 

amide I band has eight band components of different intensities and full width at half 

maximum (FWHM) in both wool and mohair spectra.  

Notably, there were no unique band components specific to one fibre type which could 

be used to qualitatively distinguish between wool and mohair.  The amide I band curve 

fitting (Figure 4.3) results were identical for both the wool and mohair spectra, with a 

peak maximum near 1652 cm-1, corresponding to the α-helical structural conformation 

of the protein or polypeptide chain. Zhou (2012) showed that the unstretched mohair 

Raman spectrum is dominated by the 1658 and the 1648, confirming the dominance of 

the α-helical structural conformation. The amide I band of wool and mohair which has 

contributions from the β-sheet structural conformation, may also have contributions from 

segments of disordered polypeptides (Church et al., 1997). This band component is 

found to slightly vary between 1669 and 1671 cm-1 in both the wool and mohair spectra. 

 

Figure 4.3: Amide I curve fitting on (a) wool and (b) mohair Raman spectra. 

The COD and chi-squared values are shown in the statistics shown in appendix III, with 

the COD values ranging   These results are a confirmation that wool fibres and other 

keratin fibres, such as mohair, when in their natural state, exist predominantly in the 

form of an α-helical secondary structure (Carter and Edwards, 2001; Church et al., 
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1997; Edwards et al., 1998). Table 4.4 summarizes the amide I band resolution results 

for the wool and mohair. The weak Raman band around 1586 cm-1, previously assigned 

to the C=C olefinic stretching modes (Edwards et al. (1995); Pezolet et al. (1976)), was 

found to differ in the relative intensity between wool and mohair spectra. The band area 

of this band varied from 0.48 to 1.86 for wool fibre samples while these varied from 1.24 

to 3.56 for mohair, with the mean values of 0.96 and 2.29 for wool and mohair fibre 

samples, respectively. These average values were found to differ significantly (p<0.05).  

Table 4.4: Amide I band components from wool and mohair spectra. 

 Wool Mohair 

Band component  Height   FWHM Peak area Height  FWHM Peak area 

1586 0.12   7.62   0.96 0.17 10.17    2.29 

1607 0.38 15.95   8.91 0.54 16.91    9.94 

1617 0.20   7.44   1.99 0.18   6.76    2.04 

1636  0.41 15.21 10.29 0.55 16.76  11.81 

1653 1.28 16.28 24.52 1.40 15.77  33.88 

1670 1.04 16.72 18.64 1.05 16.69  19.24 

1685  0.71 16.01 17.84 0.79 16.45  16.29 

1695 0.30 12.57   3.56 0.33 15.97    5.08 

 

The band component at 1695 cm-1, assigned to the amide group of the asparagine and 

glutamine side chains, was observed in both wool and mohair. The amide I band 

components in the low wavenumbers, including the 1617 cm-1 (ϕ=Tyr/Trp) assigned to 

be due to the ring breathing modes of the tyrosine and tryptophan, were also included in 

the observed. The 1608 cm-1 component has been associated with the amino acid 
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tyrosine (Tyr) vibrations. A statistical comparison of the average relative intensities of 

the 1653 cm-1 band component, between wool and mohair, proved that these differed 

significantly (p˂0.05). The intensities of the band associated with the β-sheet/or disorder 

(1670 cm-1) protein structure, did not differ for wool and mohair (p˃0.05). The band 

component around 1685 has been assigned to the β-Turn.    

The contents of the α-helical and β-pleated sheet protein structure of wool and mohair 

were also analysed in this study, with the α-helical structure having been defined as the 

band area ratio of the 1654 cm-1 component of the amide I to that of the CH2 & CH3 

bending modes (around 1450 cm-1) while the content of the β-sheet structure has been 

previously defined as the band area ratio of the 1670 cm-1 of the amide I to that of the 

CH2 & CH3 bending modes (Panaiotou, 2004). Table 4.5 summarizes the results of the 

protein secondary structure for wool and mohair fibres.  

Table 4.5: Raman secondary structure of wool and mohair fibres. 

Fibre type Wool (Mean (%)) Mohair (Mean (%)) 

α-helical 40.5 49.3 

β-pleated sheet 29.7 27.2 

β -Turn 29.8 23.5 

 

Evident from the Table 4.5, mohair samples possess high contents of the α-helical 

protein structure compared to wool. The reason for this could stem from the fact that the 

ratio of intermediate filaments (IFs) (rich in the α-helical proteins) to the matrix (which is 

rich in the high-sulphur proteins), IFs/matrix, is high in ortho cortical cells than in the 

para-cortex (Marshall et al., 1991). The application of these secondary structure 

quantities in blend composition analysis of wool and mohair, however, seem potentially 

difficult if possible, at all. The application of different characterization techniques, such 

as X-ray diffraction (XRD) and solid-state NMR, may be essential to determine and 
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confirm the quantities of the protein structural conformation for the two fibres, wool and 

mohair.  

Figure 4.4 illustrates typical curve fitting results of the S-S stretching vibration for wool 

and mohair. 

 

Figure 4.4: Typical curve fitting results of the S-S stretching vibration for (a) wool 

and (b) mohair spectra. 

Clearly, the S-S stretching vibration components from wool and mohair spectra are 

similar in both shape and band positions but slightly differ in intensities or peak heights 

(as shown in Figure 4.4). Table 4.6 summarizes the results of the S-S stretch curve 

fitting results for wool and mohair: 
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Table 4.6: Raman band components analysis of the S-S stretch band for wool and 

mohair. 

 

Wool and mohair, generally have a maximum intensity at around 507 cm-1, confirming 

the claim made by Sugeta et al., (1973) that untreated keratin fibres generally exist 

predominantly in the gauche-gauche-gauche structural confirmation. The spectral 

position of this band component was also varied between 506, 507 508, 510 and 512 

cm-1. Differences in the intensities of the band components for wool and mohair were 

also analysed by means of the application of the statistical student t-test. The difference 

in the average relative intensities of the most dominant band component (at 507 cm-1) 

was found to be statistically significant (p˂0.05), this band being more dominant in the 

wool than in the mohair spectra. Although, the relative intensity average values of this 

band component were different, the individual values overlapped greatly between wool 

and mohair. In practice, this great overlap would make the application of this band 

component in distinguishing between wool and mohair, a difficult task, with the blend 

composition analysis being even more difficult or even impossible.  
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4.2.1.2 The Disulphide Content of Wool and Mohair Fibres  

Literature has provided evidence that genetic, diet and weathering related factors cause 

variations in the levels of certain amino acids, Leon (1972) stating that the main 

variations occur in the amino acids cystine, proline and glycine. Simmonds (1958) has 

shown that such variations, in certain amino acids, occur between wools of different 

merino sheep. Reis and Schinckel (1963) reported that different nutritional supplements, 

such as sulphur-rich diets, maybe the source of the variation in the amino acid contents. 

The average Raman spectra from each of the wool and mohair samples in Table 3.1 

was analysed for disulphide content which is related to the amino acid cystine. A 

method (Kuzuhara, 2005) for estimating the disulphide content was applied for some of 

the fibre samples in this study. This was inspired by the differences observed in the 

peak intensities of the disulphide S-S stretch vibration. The method is based on the ratio 

of the peak area of the S–S stretching vibration (near 507 cm-1), calculated from the 

peak to a baseline that was drawn between 450 and 610 cm -1, divided by the peak area 

of the CH2 & CH3 bending modes (at 1450 cm-1), calculated from the peak to the 

baseline drawn from 1375 to 1507 cm-1. Table 4.7 summarizes the results obtained 

from this investigation. 

Table 4.7: The disulphide content of wool and mohair fibres. 

 Band area Ratio B/A 

Fibre type A: CH2 & CH3 bend B: S-S stretch Disulphide (S-S) content 

Wool 62.28 12.20 0.20 

Mohair 65.59 11.02 0.17 

 

Table 4.8 contains descriptive statistics for the disulphide analysis. 
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Table 4.8: Descriptive statistics for the disulphide analysis of wool and mohair. 

Statistic Wool  Mohair 

1. Mean 0.20 0.17 

2. Standard deviation (σ) 0.04 0.03 

3. Lowest 0.14 0.11 

4. Highest 0.31 0.24 

5. Count   50   54 

      6.  Confidence level (95 %)* 0.01 0.01 

*
Confidence level refers to the 95% confidence interval of the mean. 

The ratios of the area under the C-H band to that of the S-S stretching vibration varied 

between 0.11 - 0.24 for mohair fibres, with a mean and standard deviation of 0.17 ± 

0.03, while for wool they varied between 0.14 - 0.31, with a mean and standard 

deviation of 0.20 ± 0.04. The statistical comparison, using the student t-test of the mean 

values (shown in Appendix IV), proved them to be statistically significantly different 

(p˂0.05).   

This result is to be expected as the low cystine contents are associated with the 

predominantly ortho-cortex (rich in tyrosine proteins) of mohair fibre than the para-

cortical cells (rich in high-sulphur proteins) of wool (Marshall et al., 1991; Hunter, 1993).  

Nevertheless, the individual values were found to overlap greatly as shown in Figure 

4.5, which brings into question the practical applicability of the disulphide content in 

distinguishing between wool and mohair.  
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Figure 4.5: Box whisker plot of the disulphide content values for wool and 

mohair.  

Furthermore, wool and mohair blend composition analysis, would be an even more 

difficult task. It therefore appears that this method, based on the disulphide content, is 

not reliable for the analysis of the composition of wool and mohair blends. A 

comprehensive amino acid analysis, however, using chromatographic or electrophoretic 

techniques, of the samples used in this study would be very important, as this would 

provide a correlation of the estimated cystine or disulphide content obtained here with 

the results of the conventional techniques (chromatographic or electropheretic) for 

amino acid analysis, which are often time consuming. The chromatographic or 

electrophoretic analysis of the wool and mohair samples used in this study is 

recommended for the future research studies.   
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4.2.1.3 Raman Peak Height Ratios for the Identification of Wool and Mohair Fibres 

The close visual comparison of both wool and mohair Raman spectra (Figure 4.1) 

indicated that there might be a difference in their band peak heights and this section 

presents results for certain band intensities/peak heights determined using the baseline 

method. The student t-test was adopted throughout this research as a means for 

statistically determining the significance of the differences in the results of wool and 

mohair. The size of the difference between the two mean values was quantified in terms 

of Cohen‟s d, defined as the difference between the mean values divided by the pooled 

standard deviation (equation 4.1) (Cohen, 1988).  

                                
       

          
                         …………………… 4.1     

Where Ma and Mb are the mean values of the groups being compared, SDpooled is found 

as the root mean square of the two standard deviations (Cohen, 1988). The effect size, 

d, has been defined as small when the value of d is equal to 0.2, moderate when d is 

0.5 and large when it is equal to or great than 0.8. 

Kumar (2015) discussed, in detail, factors that may cause variations in the 

spectroscopic peak heights or intensities, the variation in sample thickness being one 

potential source of peak height variations. The current research study confirmed the 

claim made by Kumar et al., 2015 who stated that ratiometric analysis mitigates 

significantly the effects of unevenness of sample thickness on the peak heights.  The 

laser drifting during spectral acquisition was not found to significantly influence the 

results obtained in the current study. 

Fifty (50) scoured wool and fifty four (54) scoured mohair samples of different origins 

and average fibre diameters (see Table 3.1) were analysed for their Raman peak 

heights which were extracted for eight Raman chemical bands (shown in Figure 4.6). 

These were selected on the basis of prominence and the ease of defining the baseline 

reproducibly. All spectra used in this analysis were acquired with 2000 scans 

(equivalent to 1-hour acquisition time) and the thickness of the fibre bundle was kept as 

constant as possible. Generally, the relative peak heights correlated poorly (see Table 
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4.9 for the correlation coefficients R2) with the mean fibre diameters for some of the 

Raman bands analysed in this study. Plots of the relative peak heights against mean 

fibre diameters (MFDs) are illustrated in Figure 4.7.  

Table 4.9: Correlation coefficients for the relative intensities against MFDs. 

  Correlation coefficients (R2) 

Relationship Wool Mohair 

CH2 asymmetric Stretch v MFD  0.01 0.02 

CH2 & CH3 bend v MFD 0.02 0.01 

Amide I v MFD  0.03 0.01 

Phe & Trp v MFD 0.44 0.04 

Skeletal C-C stretch v MFD 0.01 0.09 

Tyr v MFD 0.50 0.12 

Phe v MFD 0.05 0.17 

S-S stretch 0.16 0.02 

A moderate positive correlation was only observed for the wool Tyr band, with a 0.5 

correlation coefficient being observed.  The correlation of the MFD with the Phe & Trp 

(around 1004 cm-1) relative peak heights produced R2 values of 0.44 and 0.04 for wool 

and mohair, respectively.   

Relative peak heights of various bands were determined with the view of possibly 

distinguishing between wool and mohair fibres. The list of the analysed bands included 

the CH2 asymmetric stretch, the amide, the S-S stretch of the disulphide cystine 

linkages and the Phe & Trp vibration (around 1004 cm-1). The normalization was done 
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based on the CH2 & CH3 bending modes (near 1450 cm-1), suggested in literature 

(Lippert et al., 1976; Kuzuhara and Hori, 2003 and Church et al., 1997).  
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Figure 4.6: Normalized average Raman spectra of wool (red) and mohair fibres, respectively.
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Figure 4.7: Relationship between Raman relative intensities and mean fibre diameter. 
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Crucial dissimilarities in the features of the normalized spectra of wool and mohair fibres 

seem to be very scarce, making the possibility of distinguishing between the two fibre types a 

very difficult task. The ratios of the peak heights of the Raman chemical bands, listed in Table 

3.3, to those of the CH2 & CH3 bending modes (around 1450 cm-1) were determined for each 

individual wool and mohair spectrum to investigate the possibility of using this criterion for 

distinguishing between the two fibre types. For each spectrum, eight peak height 

measurements were made, results being presented as the average values together with their 

standard deviations (see Table 4.10):   

Table 4.10: Raman relative intensities determined from wool and mohair spectra. 

 

The statistical comparison of the relative peak heights showed that the CH2 asymmetric 

stretch (around 2932 cm-1), the CH2 & CH3 bending modes (at 1450 cm-1), the amide I (1655 

cm-1), Phe and Trp (around 1004 cm-1), the skeletal C-C stretch (around 936 cm-1) and the 

Phe (at 622 cm-1), all did not differ statistically significantly (p˃0.05) between the two fibre 

types. The mean values of the S-S stretch (near 508 cm-1) differ statistically significantly 

(p˂0.05) between wool and mohair. It is important to mention that these relative peak heights 

tended to vary significantly even within the sample fibre sample. A specific group of mohair 

samples, (*) labelled samples in Table 3.1, tended to possess high relative peak height values 

which were in the same order of magnitude as those for the wool samples. Because of this, 

the relative peak height ratios with their standard deviations were determined (see Table 4.11 

and Figure 4.8):  
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Table 4.11: Relative peak height ratios for wool and mohair fibre samples. 

Symbol Ratio Wool Mohair 

A I2932/I1450 3.11 (0.23) 2.81 (0.23) 

B I1655/I1450 0.94 (0.03) 0.91 (0.02) 

C I1004/I1450 0.37 (0.03) 0.35 (0.02) 

D I508/I1450 0.24 (0.03) 0.20 (0.01) 

E I936/I1450 0.17 (0.02) 0.18 (0.01) 

F I644/I1450 0.14 (0.02) 0.12 (0.01) 

G I622/I1450 0.08 (0.01) 0.07 (0.01) 

 

In this study, the assignment of symbols to the specific relative peak height ratios was 

adopted, with symbol A assigned to represent the ratio of the relative peak height of the very 

strong CH2 asymmetric stretch band (I2932) to that of CH2 & CH3 bending modes (I1450). 

Symbols B and C represents ratios of the relative peak height of the amide I band (I1655) to 

that of the CH2 & CH3 bending modes (I1450) and the relative peak height of the Phe & Trp 

(I1004) to that of CH2 & CH3 bending modes (I1450), respectively. Symbol D is the ratio of the 

relative peak height of the S-S stretch (I508) to the peak height of the CH2 & CH3 bending 

modes (I1450). E, F and G symbolises ratios of the relative peak heights of the skeletal C-C 

stretch (I936), Tyr (I644) and Phe (I622) all to that of the CH2 & CH3 bending modes (I1450). 

The individual values of ratio A varied a great deal, indicated by the standard deviation values 

in brackets of Table 4.8, from one mohair sample to the other and also from one wool sample 

to another, wool samples varying more than did the mohair. The individual values ranging 

from 2.71-3.68 for wool and from 2.35-3.08 for mohair. A considerable variation was also 

observed in ratios within the same sample, with the greatest wool variation of 2.72-3.22 

observed for the Lincoln1 sample and while for mohair the widest variation of 2.41-3.03 was 

observed for the Mohairlabs D sample. 
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The largest ratio A value for wool (3.45 ± 0.20; 95 % confidence limits) was found for a Dorset 

horn wool, while the lowest was for the BR81 CSIR wool top (2.91 ± 0.20). The largest ratio A 

value (2.97 ± 0.20; 95% confidence limits) for mohair was for the Texas mohair (20 lustre 

mohair), while the lowest (2.54 ± 0.22; 95 confidence limits) was for the South African mohair 

sample (SAMIL SAMIL Combing Lot2).  

Both the mean and standard deviation of ratio A for wool and mohair were found to be 3.11 ± 

0.23 and 2.81 ± 0.23, respectively. The application of the student t-test proved them as 

significantly different (p˂0.05), with a Cohen‟s d value of 0.91 being found which indicates a 

large difference between the two mean values. The graphical representation of these average 

values, shown in Figure 4.8, indicates a clear difference of ratio A between the two fibre 

types. 

 

Figure 4.8: Raman band ratios for wool and mohair fibres. 
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These differences could be a result of the difference in the amounts of the internal lipid 

contents existing between the two fibre types. However, there was a considerable overlap of 

the individual wool and mohair values which virtually rules out the possibility of the application 

of ratio A for quantitative wool/mohair blend analysis. This study has shown that wool lots are 

characterized by the presence of some relatively large ratios, particularly beyond the value of 

3.2, while the mohair lots were all found to be below the threshold of 3.1 (see Figure 4.9).  

 

Figure 4.9: Distributions of Ratio A values for wool and mohair. 

Nevertheless, using this in wool-mohair blend composition analysis would present problems 

in practice although a qualitative approach for determining the presence of any wool in a 

supposed 100% mohair may be possible. The application of this band ratio in answering the 

question of whether a sample is a pure mohair or not seem to hold a great potential. 

However, for the application of this band ratio in practice, a relatively larger number of 

minimum spectra, from each sample, is highly recommended, compared to the minimum of 
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six spectra acquired from each sample in this study. This would minimize the observed 

variation between spectra of the same sample. An interesting point to emerge from this 

research study relates to establishing whether a sample is pure mohair or a possible mixture 

of wool and mohair. It has been noted that if a threshold value of 3.1 is selected for ratio A 

and it is found that for a sample of unknown identity, none of the values exceed this threshold 

value, the sample can be declared to be a pure mohair sample. Conversely, if a sample of 

unknown identity is examined and possesses ratio A values that exceed this threshold, then 

the sample cannot be a pure sample. Figure 4.9 shows the distribution of values of Ratio A 

determined from some 50 wool and 54 mohair samples. The figure indicates that all mohair 

individual ratio A values are found below the 3.1 threshold whilst wool samples are 

characterized by the presence of values exceeding the threshold of 3.1.   

Amongst the peak height ratios investigated in this study is ratio B (I1655 /I1450), determined for 

both wool and mohair as a possible means of distinguishing between them. Figure 4.9 

illustrates the distributions of the individual ratio B values for wool and mohair fibre samples.  
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Figure 4.10: Ratio B distributions for wool and mohair. 

The amide I is one of strongest bands in Raman spectra of protein fibres, so based on its 

prominence it was also selected for this analysis. Ratio B values were found to vary 

considerably for both fibre types, with a wide variation also being observed in values obtained 

from the same fibre sample analysed. A great overlap of individual values was observed, with 

wool ranging between 0.88 and 1.00 for wool while mohair ranged between 0.86 and 0.99 (as 

shown in Figure 4.10). The average value and standard deviation of 0.94 ± 0.03 were found 

for wool while these were found to be 0.92 ± 0.02 for mohair fibre samples, with the 

application of the student t-test proving the observed difference in the mean values to be 

statistically significant (p˂0.05). A Cohen‟s d value of 0.57, proving a moderate difference 

between the two mean values. Because of the observed overlap of the individual values, it 

can be concluded that the application of this relative peak height ratio does not seem possible 

in the identification and classification of wool and mohair, particularly when the two fibres are 

in a blend.  
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This study also investigated the potential of the application of the ratio of the peak height of 

the Phe & Trp (near 1004 cm-1) band to that of the CH2 & CH3 bending modes (at 1450 cm-1), 

ratio C, in possibly distinguishing between wool and mohair fibre samples. The individual 

values varied considerably between wool and mohair; these are shown in the distributions 

illustrated in Figure 4.10.  

 

Figure 4.11: Ratio C distributions for wool and mohair fibre samples. 

The individual values for wool were found to range from 0.33 to 0.45, while those of mohair 

ranged from 0.31 to 0.41, with a considerable variation also observed between ratios of the 

same fibre sample. The widest variation, within a sample, in wool was observed for the values 

of one of the CSIR BR lots (BR71), ranging from 0.33 to 0.41, while in mohair samples the 

only sample that possessed an alarming variation is the South African (SAMIL SAMIL 

Combing Lot3) mohair sample, ranging from 0.31 to 0.38. The largest ratio was for the BR65 

wool top with 0.40 ± 0.03 (95% confidence limits) and the lowest for the Dorset horn wool, 
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0.34 ± 0.01. The largest ratio for mohair was found in the 1126 lustre mohair with 0.39 ± 0.01 

while the lowest was for the Lesotho mohair with 0.32 ± 0.02. The mean and standard 

deviation values were 0.37 ± 0.03 and 0.35 ± 0.02 for wool and mohair fibres, respectively, 

with the means comparison proving the observed difference to be statistically insignificant 

(p˂0.05). A cohen‟s d value of 0.28, indicating a very small difference. The great overlap of 

the individual values observed in Figure 4.10, proves that the possible identification or 

distinction between the two fibre types would be extremely difficult in practice. 

The relative peak height ratio D (I508/I1450) could be related to the content of the disulphide 

bonds or the amino acid cystine within keratin fibres (Barani and haji, 2015). The distribution 

of the individual ratio D values, found in the current research study, from wool and mohair 

fibre samples is illustrated in Figure 4.12. 
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Figure 4.12: Distributions of the Ratio D for wool and mohair. 
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The individual values were found to vary greatly for both wool and mohair, with wool ranging 

between 0.18-0.32 while mohair ranged between 0.17-0.22 (see Figure 4.12). For this peak 

height ratio as well, almost identical variations were observed in spectra acquired from the 

same sample. For wool, the widest range of 0.18-0.26 was observed for the Lincoln wool (L1) 

sample while for mohair a variation of 0.17-0.22 was observed for one Lesotho mohair 

(BK11401) sample.  The largest ratio D value for wool was found for the Dorset horn sheep 

wool with a value of 0.28 ± 0.04 (95% confidence limits) and the lowest (0.21 ± 0.03) for a 

Lincoln (L1) wool. The largest peak height ratio D for mohair was observed for the South 

African (SAMIL SAMIL Combing Lot3) with 0.20 ± 0.02 (95% confidence limits) while the 

lowest was also for one of the SA mohair samples (1028 mohair) with a ratio of 0.17 ± 0.01.  

The overall mean and standard deviation values were found to be 0.24 ± 0.03 and 0.20 ± 

0.02, for wool and mohair, respectively. Despite the considerable overlap (see Figure 4.12) of 

the individual values has been observed, the statistical comparison of the mean values 

proved them to be statistically significant (p˂0.05). A cohen‟s d value of 1.41 was obtained, 

indicating a large difference between the two mean values.  

The quantitative analysis or blend composition analysis of the two fibre types seem a 

potentially difficult task, especially if the blend consists of only wool and mohair. The need of 

a considerable number of spectra from each sample is highly recommended to reduce the 

variation that exist within the band ratios of the same sample.    

This result indicate that ratio D may be useful in detecting possible counterfeiting in mohair 

fibre samples. The application of this band ratio, in practice, would be based on the selection 

of a threshold of 0.22, where the absence of values exceeding this value would imply the 

possibility of the sample being a pure mohair and conversely, the presence of ratios 

exceeding the 0.22 threshold value implying the possibility of the sample being a pure wool or 

a mixture of the two fibre types. Keratin fibres which have been subjected to chemical 

treatments have a tendency of possessing reduced disulphide S-S contents of the amino acid 

cystine, this being due to oxidation of these disulphide S-S linkages (Joy and Lewis, 1991; 

Wojciechowska et al, 2004). With this fact in mind, the possible application of this band ratio 

in examining chemically treated samples is still to be extensively investigated in future 
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research studies. Furthermore, a comprehensive chromatographic or electrophoretic analysis 

for determining the amino acid contents, particularly cystine, of the samples used in this 

research study would be beneficial in determining the correlation that may exist between the 

ratio D and the cystine contents determined by chromatographic or electrophoretic methods. 

This task is recommended for the coming research studies. Some of the possible advantages 

of this ratio would offer include the rapidness and potentially reduced cost involved in the fibre 

identification tests. Another advantage is the fact that the success of the fibre identification 

does not require a highly skilled Raman spectroscopist.          

This study also examined Ratio E for the its possible application in the identification of wool 

and mohair, with this ratio being found to also vary considerably between wool and mohair 

fibre samples, with wool ranging from 0.14 to 0.24 while mohair ranged between 0.13 and 

0.22, as shown in Figure 4.13.  

 

Figure 4.13: Ratio E distributions for wool and mohair. 
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The greatest wool value was found for the BR20 wool top, with a value of 0.22 ± 0.01 (95% 

confidence limits) and the lowest for the BR55 wool top with 0.14 ± 0.01, while for mohair, the 

greatest was found for the 1028 South African mohair with 0.20 ± 0.01 (95% confidence 

limits) and the lowest for the Texas Int. Mohair INC- #734 sample with a value of 0.14 ± 0.01.  

The average values were found to be 0.18 ± 0.02 and 0.17 ± 0.01 for the wool and mohair, 

respectively. A great overlap (see Figure 4.13) was also observed for individual values 

between the fibres and the student t-test showed that the means did not differ significantly 

(p˃0.05). This may be attributable to the similar contents of the α-helical secondary structure 

between the two fibre types (Wang et al., 2013). This study has, earlier, indicated that the two 

animal fibres studied in this research share similar secondary structural conformation 

(dominated by the α-helical structure), and this may be the reason for this observed overlap in 

this peak height ratio. The possible application of this band ratio in the identification or 

classification of wool and mohair fibre samples seems extremely impossible, due to the 

observed overlap of the individual values.  

This research study also investigated the possible application of the band relative intensity 

ratios F and G in distinguishing between wool and mohair. Ratio F values varied between 

0.09 - 0.20 and 0.08 - 0.17 for wool and mohair, respectively, with the mean values of 0.13 ± 

0.02 and 0.12 ± 0.01. Figures 4.14 and 4.15 illustrates the distribution of ratios F and G, for 

wool and mohair.  
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Figure 4.14: Ratio F distributions for wool and mohair. 

A statistical comparison of these means proving them as statistically significant (p˂0.05), with 
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seem possible due to the observed overlap of the individual values. At the moment, because 

of the considerable overlap observed in the individual values, the application of the ratio seem 
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mean values, the application of the t-test proved that these differ significantly (p˂0.05) 

between wool and mohair fibre samples. The application of this ratio G in practice would be 

extremely difficult due to the considerable overlap observed in the individual values between 

wool and mohair.    
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Figure 4.15: Ratio G distribution for wool and mohair. 

Quantitative analysis of blends of the two animal fibres, wool and mohair, using ratio G, does 

not seem possible at the moment but further research studies involving a relatively large 

number of pure wool and mohair of various origins, together with wool/mohair blend samples 

of different quantities, would be important.   

Despite the great overlap observed in the respective band ratios, the application of ratiometric 

analysis for some of Raman chemical band relative intensities, particularly ratios A and D, 

seem to hold a potential in detecting fraudulent mislabelling in mohair products. However, a 

need for an extensive amount of research involving a considerably large number of pure and 

blended animal fibre samples, would provide the more conclusive results.   



169 
 

4.2.1.3.1 Reproducibility of the Ratiometric Analysis 

To investigate the reproducibility of the Raman band ratiometric analysis in the classification 

and declaration of mohair and wool fibre samples, a random selection of the pre-determined 

mohair samples, from those contained in Table 3.1, was made and re-analysed. Three fibre 

bundles were drawn from each sample container, with one spectrum acquired from each of 

the three fibre bundles.  

Table 4.12: The possible application of Ratio A in practice.  

*Standard deviation. 

In Table 4.12, the results of ratio A as a criterion for checking the purity of the selected mohair 

samples, are presented. Despite the few number of spectral measurements involved, the six 

mohair fibre samples were correctly classified as pure mohair samples, this being concluded 

from the absence of ratios exceeding 3.1.  However, these results, in Table 4.12, also show 

that solely relying on the application of Ratio A for fibre classification might pose a risk of 

misidentification and misclassification of some fibre samples, this risk being observed for the 

BR28 wool sample. The average values were found to be in agreement with those found 

earlier in this research, wool fibre samples having higher values than those of mohair.  

 

Table 4.13 presents results of the peak height ratio B for wool and mohair.   

 

SAMPLE ID 

Spectral acquisitions  

  Mean (σ)* 1 2 3 

1052 Mohair 2.81 2.70 2.73 2.75 (0.05) 

1089 Mohair 2.71 2.72 2.74 2.72 (0.01) 

1006 Mohair 2.69 2.81 2.85 2.78 (0.07) 

Texas Int. Mohair INC-#705  2.82 2.94 2.83 2.86 (0.05) 

Texas Int. Mohair INC-#748 2.82 2.75 2.78 2.78 (0.03) 

TYG1 (Istanbul) Mohair 2.43 2.76 2.58 2.59 (0.13) 

BR28 Wool 3.05 3.06 3.00 3.04 (0.03) 

BR103 Wool 3.39 3.33 3.36 3.36 (0.02) 
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Table 4.13: Possible applicability of Ratio B in practice. 

*Standard deviation 

A considerable overlap in the values of wool and mohair is observed (as shown 4.13), 

confirming that this band ratio indeed cannot be applied in the identification of these two fibre 

types. Table 4.14 summarizes results of the ratio C, obtained from wool and mohair fibre 

samples. 

Table 4.14: Possible application of Ratio C in practice. 

*Standard deviation 

 

 

SAMPLE ID 

Spectral acquisitions  

  Mean (σ)* 1 2 3 

1052 Mohair 0.98 0.94 0.94 0.95 (0.02) 

1089 Mohair 0.89 0.86 0.91 0.89 (0.02) 

1006 Mohair 0.93 0.91 0.93 0.92 (0.01) 

Texas Int. Mohair INC-#705  0.95 0.91 0.92 0.93 (0.02) 

Texas Int. Mohair INC-#748 0.92 0.93 0.92 0.92 (0.01) 

TYG1 (Istanbul) Mohair 0.89 0.96 0.91 0.92 (0.03) 

BR28 Wool 0.95 0.93 0.93 0.94 (0.01) 

BR103 Wool 0.94 0.91 0.92 0.92 (0.01) 

 

SAMPLE ID 

Spectral acquisitions  

  Mean (σ) 1 2 3 

1052 Mohair 0,33 0,34 0,34 0.34 (0.01) 

1089 Mohair 0,34 0,33 0,37 0.35 (0.01) 

1006 Mohair 0,34 0,35 0,35 0.35 (0.01) 

Texas Int. Mohair INC-#705  0,36 0,36 0,36 0.36 (0.00) 

Texas Int. Mohair INC-#748 0,36 0,37 0,36 0.36 (0.00) 

TYG1 (Istanbul) Mohair 0,37 0,38 0.38 0.38 (0.00) 

BR28  Wool 0.37 0.37 0.39 0.38 (0.01) 

BR103  Wool 0.37 0.38 0.36 0.37 (0.01) 
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Table 4.14 shows a considerable overlap of individual values between wool and mohair fibre 

samples, showing that indeed the application of this band ratio in practice can be extremely 

difficult. Table 4.15 contains results for the ratio D values of wool and mohair fibre samples.  

Table 4.15: Possible application of Ratio D in practice. 

*Standard deviation 

The application of ratio D in distinguishing between wool and mohair fibres appears to hold a 

great potential, wool indeed possessing values exceeding the threshold value 0.22 and 

mohair falling below this value. A good reproducibility of average values is also observed for 

this peak height ratio, with wool having higher average values than mohair fibre samples.  

Further studies, however, are highly recommended to investigate the full potential of this band 

ratio, particularly including chemically treated samples and those from wide range of origins 

by country. Table 4.16 summarizes the results of ratio E, showing the great overlap of the 

individual value from wool and mohair. Indeed, the application of this relative intensity ratio 

seem to be impossible in distinguishing between wool and mohair fibres.  

 

 

 

 

 

SAMPLE ID 

Spectral acquisitions  

Mean (σ)* 1 2 3 

1052 Mohair 0.19 0.20 0.19 0.19 (0.01) 

1089 Mohair 0.18 0.17 0.16 0.17 (0.01) 

1006 Mohair 0.19 0.20 0.21 0.20 (0.01) 

Texas Int. Mohair INC-#705  0.19 0.20 0.20 0.20 (0.00) 

Texas Int. Mohair INC-#748 0.19 0.20 0.18 0.19 (0.01) 

TYG1 (Istanbul) Mohair 0.20 0.19 0.20 0.20 (0.00) 

BR28  Wool 0.23 0.22 0.23 0.23 (0.00) 

BR103 Wool 0.23 0.23 0.23 0.23 (0.00) 
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Table 4.16: Possible application of ratio E in practice.  

*Standard deviation 

Ratio F and G (Tables 4.17 and 4.18) were also found to overlap considerably between those 

obtained for wool and mohair also confirming that distinguishing between the two fibre types 

would be extremely difficult.  

Table 4.17: Possible application of Ratio F in practice. 

*Standard deviation 

 

 

SAMPLE ID 

Spectral acquisitions  

Mean (σ)* 1 2 3 

1052 Mohair 0,16 0,15 0,16 0.16 (0.01) 

1089 Mohair 0,17 0.16 0.17 0.17 (0.01) 

1006 Mohair 0,18 0,16 0,17 0.17 (0.01) 

Texas Int. Mohair INC-#705  0.15 0.17 0.16 0.16 (0.01) 

Texas Int. Mohair INC-#748 0.17 0.17 0.15 0.16 (0.01) 

TYG1 (Istanbul) Mohair 0.16 0.16 0.17 0.16 (0.01) 

BR28  Wool 0.15 0.15 0.17 0.16 (0.01) 

BR103 Wool 0.16 0.17 0.17 0.17 (0.01) 

 

SAMPLE ID 

Spectral acquisitions  

Mean (σ)* 1 2 3 

1052 Mohair 0.10 0.10 0.12 0.11 (0.01) 

1089 Mohair 0.12 0.12 0.12 0.12 (0.00) 

1006 Mohair 0.12 0.12 0.12 0.12 (0.00) 

Texas Int. Mohair INC-#705  0.12 0.12 0.12 0.12 (0.00) 

Texas Int. Mohair INC-#748 0.12 0.11 0.11 0.11 (0.01) 

TYG1 (Istanbul) Mohair 0.13 0.12 0.13 0.13 (0.01) 

BR28  Wool 0.14 0.14 0.14 0.14 (0.00) 

BR103  Wool 0.15 0.15 0.15 0.15 (0.00) 
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Table 4.18: Possible application of Ratio G in practice. 

*Standard deviation 

Although blend composition analysis might seem impossible, the application of the Raman 

spectroscopy based ratiometric analysis, particularly of the relative intensity ratios A and D, 

seem to hold a great potential in being applied qualitatively. These ratios could potentially be 

applied to detect the possibility of counterfeiting in mohair fibre products. However, much 

thought and experimental work are necessary to discover the full potential of the application 

of these band ratios, including analysis of blind samples with unknown fibre compositions. 

Furthermore, realising the full potential of ratiometric analysis will need a considerable 

number of wool and mohair fibre samples, including those from other speciality fibres of 

commercial importance, such as cashmere. Also, because textile fibres are all subject to 

various, and in some instances rather rigorous, treatments before they reach the consumer in 

the form of a wide variety of textile materials, it would be important that samples that have 

undergone various treatments be analysed. The advantages of Raman spectroscopic 

ratiometric analysis over microscopic fibre examination is that no errors may arise from 

sampling because this method offers an advantage of being easier to conduct, potentially 

cheaper and fast compared to the existing microscopic based fibre analysis. At this stage, 

however, it does not seem possible that Raman spectroscopy can replace the existing CSH 

SEM based method for animal fibre blend composition analysis but could be used in 

conjunction with it.   

 

SAMPLE ID 

Spectral acquisitions  

Mean (σ)* 1 2 3 

1052 Mohair 0.07 0.06 0.06 0.06 (0.00) 

1089 Mohair 0.07 0.07 0.08 0.07 (0.00) 

1006 Mohair 0.06 0.08 0.07 0.07 (0.00) 

Texas Int. Mohair INC-#705  0.07 0.07 0.07 0.07 (0.00) 

Texas Int. Mohair INC-#748 0.08 0.08 0.08 0.08 (0.00) 

TYG1 (Istanbul) Mohair 0.08 0.06 0.08 0.07 (0.01) 

BR28  Wool 0.08 0.07 0.07 0.07 (0.00) 

BR103  Wool 0.08 0.07 0.08 0.08 (0.00) 
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The ratiometric analysis-based method was partially validated with known fibre samples, 

consisting of three wool and one mohair sample, with the results summarized in Table 4.19.  

One fibre bundle was drawn from the wool samples, with two spots (2 cm apart) along the 

length of the each bundle being selected and five spectra were acquired from each of the two 

spots. Two fibre bundles were randomly drawn from the mohair sample (TXSK Texas mohair 

sample), with two spots selected from each fibre bundle. Ratios B, C, E, F and G were again 

found to overlap considerably, proving that indeed they cannot be useful in distinguishing 

between wool and mohair fibre samples. As evident in the table, the mohair sample could 

easily be classified or declared as a pure mohair sample, with this being based on the values 

of the ratios A and D. An important observation was that wool samples possessed values of 

ratio A which considerably overlapped with those of mohair, i.e. falling below the threshold of 

3.1. This shows that indeed solely relying on the application of ratio A poses a risk of 

misclassification of pure wool samples as being pure mohair.  
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Table 4.19: Ratiometric analysis validation results. 

Sample ID A B C D E F G 

 

 

 

 

 

 

 

TSXK mohair 

sample 

 

2.91 0.96 0.39 0.20 0.15 0.13 0.08 

2.89 0.93 0.39 0.19 0.15 0.13 0.08 

2.87 0.94 0.39 0.20 0.16 0.13 0.08 

2.80 0.95 0.40 0.19 0.14 0.12 0.08 

2.79 0.93 0.39 0.19 0.15 0.13 0.08 

2.41 0.89 0.38 0.20 0.16 0.13 0.08 

2.41 0.89 0.38 0.19 0.16 0.13 0.08 

2.44 0.89 0.38 0.20 0.17 0.13 0.08 

2.41 0.89 0.38 0.19 0.17 0.13 0.08 

2.44 0.89 0.38 0.19 0.16 0.13 0.08 

2.41 0.88 0.37 0.19 0.17 0.12 0.08 

2.74 0.94 0.39 0.18 0.16 0.13 0.07 

2.76 0.93 0.39 0.18 0.16 0.13 0.07 

2.76 0.93 0.39 0.18 0.16 0.13 0.08 

2.75 0.92 0.39 0.18 0.16 0.13 0.08 

2.37 0.91 0.38 0.18 0.16 0.14 0.08 

2.36 0.90 0.37 0.18 0.16 0.13 0.07 

2.35 0.90 0.38 0.19 0.16 0.13 0.08 

2.38 0.91 0.38 0.19 0.17 0.13 0.07 

2.39 0.92 0.39 0.19 0.17 0.12 0.07 
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Sample ID A B C D E F G 

 

 

 

 

 

 

W54 wool 

2.99 0.95 0.35 0.24 0.15 0.12 0.07 

2.95 0.94 0.35 0.24 0.16 0.11 0.07 

2.91 0.96 0.35 0.24 0.16 0.11 0.07 

2.95 0.95 0.35 0.25 0.16 0.12 0.07 

2.95 0.94 0.35 0.24 0.16 0.12 0.07 

2.69 0.95 0.36 0.24 0.18 0.11 0.07 

2.74 0.96 0.36 0.23 0.18 0.12 0.06 

2.69 0.94 0.36 0.23 0.18 0.11 0.07 

2.74 0.95 0.36 0.24 0.18 0.11 0.08 

2.70 0.95 0.35 0.23 0.17 0.11 0.07 

 

 

 

 

 

OSP51 wool 

 

 

3.03 0.97 0.38 0.23 0.16 0.16 0.08 

2.84 0.95 0.39 0.23 0.16 0.14 0.08 

2.84 0.94 0.39 0.22 0.16 0.15 0.08 

2.81 0.94 0.39 0.22 0.15 0.16 0.08 

3.04 0.95 0.41 0.22 0.15 0.15 0.07 

3.02 0.96 0.40 0.23 0.15 0.16 0.06 

2.97 0.93 0.39 0.23 0.14 0.16 0.08 

3.01 0.96 0.41 0.22 0.15 0.16 0.09 

3.04 0.95 0.39 0.23 0.16 0.16 0.07 

3.04 0.97 0.41 0.23 0.16 0.16 0.08 

 2.86 0.95 0.41 0.23 0.15 0.15 0.08 
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Sample ID A B C D E F G 

 

 

 

 

OSP26 wool 

2.89 0.96 0.41 0.23 0.15 0.15 0.08 

2.86 0.95 0.40 0.22 0.15 0.15 0.08 

2.86 0.95 0.41 0.22 0.15 0.16 0.08 

2.85 0.95 0.41 0.22 0.15 0.15 0.08 

2.85 0.94 0.39 0.22 0.15 0.15 0.08 

2.84 0.94 0.40 0.23 0.16 0.15 0.08 

2.86 0.95 0.39 0.22 0.16 0.14 0.08 

2.86 0.94 0.40 0.22 0.16 0.16 0.08 

2.87 0.95 0.40 0.22 0.15 0.14 0.08 
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4.2.1.4 Spectral Database Development and Partial Validation for Wool and Mohair. 

This section of this thesis deals with the development and partial validation of a simple in-

house Raman spectral database of wool and mohair fibre samples. About 50 scoured wools 

and 50 scoured mohair samples, with all the details contained in Table 3.1, were used in 

calibrating the current in-house Raman spectral database and was partially validated with a 

few wool and mohair. The mail aim of this section was to develop and validate a Raman 

spectral database for wool and mohair fibre samples of different origins. This was also to 

demonstrate the potential Raman spectral library searching tools bear in distinguishing 

between different types of animal fibres, especially wool and mohair. The results presented in 

this research are based on the verification of fibre samples rather than their identification, this 

being because of the fact that all the samples tested are known. 

The extremely large amount of data which can be generated in a single Raman, gas 

chromatographic (GC), mass spectroscopic (MS) or FTIR spectrum necessitates computer-

assisted data processing and interpretation. Consequently, spectral databases or library 

systems are included in most commercial spectroscopic instruments. The FT Raman system, 

from Bruker, used in this study, was purchased with such spectral libraries which includes a 

spectral database for natural animal fibres. The Bruker natural animal fibre database contains 

Raman spectra acquired from wool, mohair, cashmere and Angora rabbit hair, with differently 

pigmented fibre samples included. It has previously been shown that differently pigmented 

fibres display different Raman spectral features (Schrader et al., 2000). The Bruker spectral 

database includes spectral entries acquired from the dark brown, black, baige, and white 

sheep wool, with white cashmere and white silver mohair fibres. The acquisition conditions 

(laser power, spectral resolution and the acquisition time) under which these spectra were 

acquired or the state in which the samples were in, are unknown and these factors are likely 

to significantly influence the spectral searching results and may lead to misclassification and 

misidentification of materials of unknown identity. Various spectral search algorithms have 

been developed in the past which help in comparing an unknown or query spectrum to each 

of the reference spectra in the database. These algorithms help in calculating and returning a 

value popularly referred to as the hit quality Index (HQI), this being calculated to determine 

the existence of a correlation between a spectrum of an unknown material (query or test 

spectrum) and the spectra from known materials or compounds in the reference spectral 
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database (Boruta, 2012). The list of possible candidate matches of the unknown (i.e. query or 

test spectrum), popularly referred to as the hit list, is arranged such that the highest HQI 

values are at the top of the list and the higher the HQI value the closer the unknown spectrum 

to the material/compound in the reference database. When a few spectra produced in the 

current study were matched with this database (Bruker spectral database), using the HQI 

spectrum correlation search algorithm, less than 40% of the tested spectra were correctly 

classified or identified as belonging to the correct fibre type, i.e. wool or mohair. The reason 

for the low classification accuracy might be in the difference of the acquisition conditions from 

which the query and the reference spectra were acquired, and it was because of this that the 

development of a new in-house spectral database for wool and mohair fibre samples from 

different origins, was necessary.  

All spectral matching in this study was conducted using the HQI spectrum correlation search 

algorithm using an uncomplicated sample-to-sample spectral matching without any modelling. 

In this search algorithm, i.e. the spectrum correlation, the sum of the squared deviations 

between the query spectrum and the result spectrum from the data points of the spectral 

range defined is calculated. The summation can be limited to a spectral range selected by the 

user. It also allows for spectral normalization to be conducted before any spectral search can 

be conducted.  

A minimum of six spectra from each sample were acquired and averaged using the averaging 

using OPUS 7.2 software. The current spectral database contains approximately 100 average 

wool and mohair spectra which have been baseline corrected and were all recorded using the 

Nd-YAG laser, emitting at 1064 nm. The signal to noise ratio of the spectra was good and 

smoothing was not found to be necessary. The library entries were loaded and named as 

fibre type (i.e. wool or mohair) followed by the sample ID. All spectra, whether reference or 

query, used in this analysis were normalization based on the intensity of the CH2 & CH3 

bending modes (around 1450 cm-1), in the 1375-1508 cm-1 spectral region. In the pre-

processing stage truncation, which includes excluding all parts of the spectra which are likely 

not overlap between the query and reference or database spectra (Khan and Madden, 2012), 

was also conducted in this study. It was noted that there are spectral sections or regions that 

appeared to vary considerably, and which were found to influence the spectral search results 

namely the 0-450 cm-1 and the 1800-3600 cm-1 region. The only important or characteristic 
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spectral feature occurring in these regions is the very strong CH2 asymmetric stretch, 

occurring around 2932 cm-1, and was found to vary, particularly the relative peak heights, 

even between spectra of the same fibre sample. Park et al (2017) argued that the strongest 

bands have the greatest influence on the HQI scores, the reason being the fact that the HQI 

classification-based algorithms put strong emphasis in comparing band intensity and area 

rather than peak wavenumbers. As a step towards optimizing the performance of the current 

wool and mohair spectral database, Figure 4.16 (a & b) is an example of the spectral search 

results for the same spectrum of the TXSK (Texas) mohair sample with (a) 450-3600 cm-1 

spectral region searched and (b) the 450 cm-1-1800 cm-1 spectral region searched, 

respectively. The obviously observable difference is in the first hit, which is the BR82 wool 

sample in (a) and the Texas International Mohair INC- #708 in (b). The strong influence of the 

strongest bands in HQI is also observed in the decrease in HQI values, after the exclusion of 

the spectral region containing the strong band (2932 cm-1), from 987 in (a) to 976 in (b). 

Furthermore, the number of mohair spectra in the top ten entries of the hit list also improved, 

with only two mohair entries in (a) as opposed to the four in (b).  



181 
 

 

Figure 4.16(a): The influence of the strongest band in the HQI matching for the same spectrum. 
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Figure 4.16(b): The influence of the strongest band in the HQI matching for the same spectrum. 
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The current study initially investigated several spectral searching conditions to achieve the 

optimum conditions. Searching the region 450-1800 cm-1 with the second derivative and 

applying the vector normalization provided satisfactory results. Consequently, the results to 

be presented in the following section were performed with under these conditions. All the 

reference or database spectra are averages of a minimum of five normalized individual 

spectra while all the test or query spectra are the normalized individual spectra.     

Figure 4.17 is an example of spectral matching for one of the mohair samples (Texas 

International Mohair INC- #748). When the spectral range 450-3600 cm-1 was searched, 

Vector normalization and the second derivative selected, the exact match of this spectrum 

was found at the 9th position of the hit list (result not shown).  In Figure 4.16 the search 

conditions Spectral region 450-1800 cm-1, Second derivative and Vector normalization were 

used. The query spectrum, in both cases, was not the perfect match of the first hit of the hit 

list, however, the improvement (from 9th to 4th) in the hit list position, of the actual match, was 

observed. This improvement in the hit list is most likely due to the fact that the spectral 

features occurring in the region 1800-3600 cm-1 tend to vary in both wavenumber (position) 

and intensity. It is worth mentioning that in both these cases the top ten of the hit list was 

entirely made up of all mohair spectra, resulting in the decision making about whether the test 

spectrum belongs to the wool or mohair fibre class an easy task.  
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Figure 4.17: Examples of spectral search result, with the red, blue and green spectra as 

the query, the first hit of the hit list and the actual match, respectively.  

This study also found out that the exact match of the query spectrum was sometimes not 

even in the top ten of the hit list, despite the dominance (in the hit list) by spectra of fibre 

samples belonging to the same fibre class as the query. Figure 4.18 (a-d) contains spectral 

search results of the 1052 mohair sample and notably none of the first hits was the exact 

match (i.e. the 1052 mohair spectrum). In Figure 4.18 (c) the exact match was found in the 

14th position of the hit list, however, even in this case the hit list is entirely made up of mohair 

spectra, making it easy to classify the fibre type, to which the query spectrum belongs. 

Generally, this study has shown that finding the exact match of the query spectrum might not 

be possible using the currently developed wool and mohair spectral library. This is due to the 

great similarity of the spectral features, and probably the overlapping intensities and band 

positions, shared by mohair and wool samples from different countries and different fibre 
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dealers. This observation is in agreement with that of Park et al., (2016), that the HQI based 

spectral classification is vulnerable to the intensity.   
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Figure 4.18(a): Search result of the first query spectrum of the 1052 mohair.  

a 
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Figure 4.18(b): Search result of the second query spectrum of the 052 mohair. 

b 
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Figure 4.18(c): Search result of the third query of the 1052 mohair.  

c 
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Figure 4.18(d): Search result for the fourth query spectrum of the 1052 mohair. 

d 
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Occasionally, the hit list was found to be dominated by spectra of fibre samples which does 

not belong to the fibre class of the query (see Figure 4.19) despite the first hit of the hit list 

being the exact match. In Figure 4.19 match result of the CBP SS4 merino wool are shown.  

 

Figure 4.19: Spectral search result for CBP SS4 merino wool. 

This fibre sample did not have an average spectrum in the database rather an average 

spectrum from a similar fibre sample, CBP SS6 merino wool, was added in the database. This 

analysis showed that all the spectra from this sample (all three) matched exactly with the CBP 

SS6 merino wool as the first hit of the top ten.  

Table 4.20 contains some of the spectral search results for the four of the seven wool and 

mohair samples examined. A minimum of three query or test spectra from each of these 

samples were acquired and matched with the database. Spectra tested here had their 

average spectra on the database but were not included in constructing the average spectrum 
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(left out for this purpose). The only exception was the CBP SS4 Merino sample which was not 

represented in the database (only the average spectrum of the CBP SS6 Merino sample was 

in the database). An important fact to emerge from this section of results is that the first hit of 

the hit list hardly matched with the query spectrum. However, the top ten of the hit list, was 

always dominated or entirely made up of spectra of the fibre samples which belong to the 

same fibre type as the query. This implies that the group to which the query belongs may 

have been identified, leading to the classification as wool or mohair, rather than the exact 

sample from which it was acquired. Because of this, this study used a simple classification 

method based on the number of spectra of the fibre type/class dominating the top ten of the 

hit list being the fibre class to which the query spectrum belongs. This is combined with the 

average HQI values for each of the fibre classes in the top ten entries of the hit list, a similar 

classification method to that of hit quality index (HQI)-voting developed by Lee et al., (2013). 

No special software was necessary for the analysis in this section, HQI data were manually 

exported from the OPUS software spectral image into excel for average calculations.   

Table 4.20: Spectral matching results of normalized spectra.  

Sample ID  Query 

number 

Number of wool 

spectra (HQI)* 

Number of mohair 

spectra (HQI)‡ 

HQI of the first hit 

 

Texas 

International 

Mohair INC- #748 

1            2 (894) 8 (897) 904 

2    2 (898) 8 (900) 905 

3     0 (0)  10 (897) 901 

4     0 (0) 10 (903) 908 

 

 

1052 Mohair 

sample 

1 1 (865) 9 (874) 874 

2 0 (0) 10 (856) 861 

3 0 (0) 10 (878) 883 

4 0 (0) 10 (897) 900 

*
,‡ 

Number of wool and mohair spectra in the top ten of the hit list, respectively, their average HQI in 
()
.   
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Table 4.20: continued… 

*
,‡ 

Number of wool and mohair spectra in the top ten of the hit list, respectively, their average HQI in ().   

Notably, even in cases where query or test spectra were represented in the database, 

verification of the test spectrum as being from a certain sample was extremely difficult using 

the current database. When the query spectrum was not represented in the database (the 

case of the CBP SS4 wool sample), the first hit always belonged to the same fibre type and 

from the same dealer as the query spectrum. The results in Table 4.17 indicates that the 

classification of query spectra as wool or mohair was achieved with good accuracy (above 90 

% of the query spectra being classified correctly), with a very few cases where the 

classification was not satisfactory (e.g. Query 1 of the TYG1 sample), where wool spectral 

entries dominated the top ten of the hit list. 

The main challenge of this section of this research study, however, is based on the fact that a 

very small number of spectra was available to validate the database; this stems from the 

Sample ID  Query 

number 

Number of wool 

spectra (HQI)* 

Number of mohair 

spectra (HQI)‡ 

HQI of the first hit 

Texas 

International 

Mohair INC- #705 

1            1 (876) 8 (879) 882 

2    1 (876) 8 (878) 883 

3    1 (874)  10 (880) 885 

 

TYG1 Turkey 

Mohair sample 

1   6 (856) 4 (855) 857 

2   0 (0) 10 (877) 879 

3  0 (0) 10 (876) 877 

 

CBP SS4 Merino 

wool 

1 6 (856) 4 (846) 871 

2 3 (840) 7 (834) 848 

3 8 (866) 2 (841) 874 
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frequently experienced equipment breakdown. This study was also challenged greatly by the 

lack of strong ability in the field of algorithm development on the side of the researcher. 

Collaborative research work towards developing a suitable search algorithm for the currently 

developed Raman spectral database would be beneficial and is highly recommended for the 

future research studies. The Raman spectral match results of this study indicates that there 

might be success in the classification of wool and mohair fibre samples with the application of 

multivariate or chemometric based methods. Methods such as cluster analysis and principal 

component analysis (PCA) will be assessed for their application in the current spectral 

database. This comes from the general observation that spectra belonging to the same fibre 

class as query spectra formed a cluster or group of identified spectra at the top of the hit list.   
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4.2.2 Micro-Raman Fibre Analysis 

A repeated Raman experiment using a different excitation laser wavelength (514.5 nm) was 

conducted to characterize wool and mohair single fibres, with the aim to distinguish between 

them. One of the advantages of Raman spectroscopy is the availability of different excitation 

wavelengths one can select from to analyse different materials. Zhou (2015) stated that the 

Raman spectrum and its specific spectral band positions are mainly related to the material‟s 

unique chemical structure and are independent of the laser excitation wavelength used in 

acquiring the spectrum. This section of the thesis provides results obtained from the Raman 

micro-spectroscopic analysis of wool and mohair single fibres. The micro-Raman instrument, 

with the operating parameters described in section 3.4.2.2 was used. This instrument is 

equipped with an excitation laser wavelength of 514.5 nm, which provides an improved 

scattering efficiency (Zhou, 2015) compared to that of the 1064 nm excitation laser 

wavelength used in the FT Raman spectrophotometer. A stronger Raman signal is expected 

when using the lower wavelength excitation laser (Tuschel, 2016). Fibre samples analysed in 

this investigation were selected from those contained in the Table 3.1.  

Highly identical spectral information (Figure 4.20 a and b) was also observed from the wool 

and mohair fibres. Like in the case of FT Raman spectroscopic results presented earlier, 

there were no new band assignments or any new spectral features which could help 

distinguish between the two fibre types, with all the bands observed earlier (Table 4.1) being 

observed in this micro-Raman spectroscopic analysis. Expectedly, spectral features or bands 

were notably stronger or more pronounced compared to the FT Raman spectra. However, the 

risk of fluorescence was strongly observed and consequently, the weaker Raman bands were 

difficult to analyse, especially extracting peak heights or intensities as some were either 

suppressed or ill-defined. Band positions tended to vary within spectra of the same sample, 

with similar variation observed between wool and mohair. Table 4.20 contains band positions 

at maximum peak heights for the selected chemical bands: 
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Table 4.20: Micro-Raman spectral positions of selected bands for wool and mohair. 

Band assignment This study (cm-1) Reference  

CH2 asymmetric stretch 2932 ± 2 Carter et al., (1994) 

CH2 & CH3 bending 1449 ± 2 Jurdana et al., (1994) 

Amide I 1652 ± 2 Rintoul et al., (2000) 

Phe & Trp 1002 ± 2 Carter et al., (1994) 

Skeletal C-C stretch 935 ± 1 Church et al., (1997) 

Tyr 642 ± 1 Carter et al., (1994) 

Phe 621 ± 2 Carter et al., (1994) 

S-S stretch 509 ± 2 Carter et al., (1994) 

  

The only possible difference observed between wool and mohair was that based on the peak 

heights of each of the Raman chemical bands. However, these were found to vary 

significantly, even within spectra acquired from the same fibre sample. Hence, relative peak 

height ratios (see Table 4.21) were determined between wool and mohair as a means of 

distinguishing between them. 
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Table 4.21: Micro-Raman relative peak heights for wool and mohair fibres. 

 

The peak height of the very strong CH2 asymmetric stretch (near 2932 cm-1) relative to the 

CH2 & CH3 bending modes, was found to be stronger in wool spectra than in the mohair fibre 

spectra. However, the means comparison, using the statistical student t-test, showed that the 

observed difference is statically insignificant (p˃0.05). The few number of samples involved, 

and also the biasness in the mohair selection may have influence the results. A large number 

of samples from different regions will be included in the next research studies, to investigate 

the potential of this band ratio in the classification of wool and mohair.     

  Wool                                                   Mohair 

Band ratio Mean 95% conf.  

limits (q) 

Mean 95% conf.  

limits (q) 

A 5.08 0.15 4.88 0.25 

B 1.54 0.06 1.41 0.11 

C 0.69 0.04 0.74 0.05 

D 0.47 0.01 0.38 0.02 

E 0.50 0.02 0.47 0.04 

F 0.21 0.02 0.19 0.02 

G  0.14 0.01 0.13 0.01 
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Figure 4.20(a): Wool (red) and mohair (blue) spectra over the spectral range 0-2000 cm-1.
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Figure 4.20 (b): Wool (red) and mohair (blue) spectra over a spectral range of 

2200-3400 cm-1. 

This investigation also proved that a great overlap of the individual ratio A values exists 

between wool and mohair fibres. The peak heights of the amide I (around 1655 cm-1) 

relative to the peak heights of the CH2 & CH3 bending modes (near 1450 cm-1) (i.e. ratio 

B) were found to be higher in wool fibres compared to mohair spectra, although the 

means comparison proved the difference as statistical insignificant (p˃0.05). 

Furthermore, the individual values were found to overlap considerably (see the box 

whisker plots in Figure 4.21), casting a great doubt of the application of this band ratio in 

the classification of the two fibre types, wool and mohair. This Raman band intensity 

ratio is usually related to the secondary structure of keratin fibres, and the lack of 

difference is to be expected for the wool and mohair fibres, since both of these fibres 

are dominated by the α-helical secondary structure when in their natural state. 
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The ratio C was also found to overlap greatly between wool and mohair individual 

values, with the mean values of 0.69 ± 0.04 (95% confidence limits) and 0.74 ± 0.05 

(95% confidence limits), for both wool and mohair, respectively.  This study also looked 

at the applicability of the ratio D, as a potential tool for classification of wool and mohair 

single fibres. The individual values varied considerably in both wool and mohair fibres, 

with wool ranging from 0.39 to 0.53 and mohair from 0.30 to 0.43. The mean values of 

0.47 ± 0.01 and 0.38 ± 0.02 (95% confidence limits), were found to be statistically 

significant (p˂0.05). A fair overlap (see Figure 4.22) of the individual values was also 

observed for this band ratio, between wool and mohair. This band ratio appears to hold 

a great potential in classifying wool and mohair fibre samples, despite the observed 

overlap. More experimental work, however, including a considerable number of animal 

fibres of different origins and those which have undergone different processing stages, 

is necessary towards realizing the full potential of this band ratio in animal fibre 

identification.  A correlation of this Raman band ratio with the content of the amino acid 

cystine determined using chromatographic or electrophoretic methods would also be 

important and is planned for future research. 
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Figure 4.21: Box whisker plots of micro- Raman peak height ratios (A-G) for wool and mohair fibres. 
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Figure 4.22: Box whisker of the ratio D values for wool and mohair. 

This band ratio appears to hold a great potential in classifying wool and mohair fibre 

samples, despite the observed overlap. More experimental work, including a 

considerable number of animal fibres of different origins and those which have 

undergone different processing stages, is necessary towards realizing the full potential 

of this band ratio in animal fibre identification.  A correlation of this Raman band ratio 

with the content of the amino acid cystine determined using chromatographic or 

electrophoretic methods would also be important. The mean values of these relative 

peak heights skeletal C-C stretching vibration (ratio E), which is also related to the 

secondary structure of keratin fibres, were also determined and found to be statistically 

insignificantly different (p˃0.05). The band ratios F and G were found to overlap 

considerably, between wool and mohair fibres with mean values of 0.21 ± 0.02 and 0.14 

± 0.01 (95% confidence limits) for wool and 0.19 ± 0.02 and 0.13 ± 0.01 for mohair 
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fibres, respectively. The means comparison with the application of the student t-test, 

showed that these are statistical insignificant (p˃0.05).    

The mohair samples analysed in this study were the lustre samples (* labelled in Table 

3.1) prepared at the Council for Scientific and Industrial Research (CSIR). These 

samples were always found to possess high relative intensities or peak heights 

compared to any other mohair sample in Table 3.1. This observation was also noticed 

for the analysis on the FT Raman system, with the 1064 nm wavelength excitation and 

may be related to their unknown composition. A comprehensive amino acid analysis of 

these samples would be essential and important in understanding the composition of 

these mohair samples.  
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4.3 FTIR MICROSCOPIC EXAMINATION OF WOOL AND MOHAIR FIBRES 

4.3.1 Introduction 

Another well established and recognized technique in qualitative, and occasionally 

quantitative, analysis of organic materials, is that employing infrared spectroscopy, 

particularly in the mid-infrared (MIR) region. IR spectroscopy exploits the fact that 

molecules rotate and vibrate at specific frequencies, depending on their discrete energy 

levels (Houck, 2009). The IR spectrum is acquired through the exposure of the sample 

to infrared radiation, over a range of energies within the IR region. IR spectroscopic 

methods have been widely adopted, especially in the forensic examination of biological 

materials and in hair research (Pande, 1994), mainly due to its speed and non-

destructive nature. Nevertheless, this technique has not been widely applied for 

characterization of animal fibres mainly due to the fact that these materials produce 

diffuse and poorly defined spectra. The development of Fourier Transform Infrared 

(FTIR) instruments, together with IR microscopes, has opened up the possibility for IR 

analysis of single fibres.  

4.3.2 Amide Band Analysis for Distinguishing Between Wool and Mohair 

High quality FT-IR spectra of wool and mohair fibres were acquired using the Bruker 

ATR-FTIR LUMOS system described in section 3.4.2.3. Figure 4.23 contains average 

spectra of wool and mohair fibres. Visually, there were no unique spectral features 

present in one of the two fibres, which could aid the identification of the two fibre types. 

Two amide bands dominate the IR spectrum of animal or protein fibres namely the 

amide I and the amide II. These bands occur at spectral regions 1600-1700 cm-1 and 

1500-1570 cm-1, respectively (Liu et al., 2008).  The amide I band is predominantly (80 

%) due to contributions from the C=O stretching vibration of the peptide backbone. The 

amide II is 40-60 % due to the in-plane bending of the N-H bending and 18-40 % C-N 

stretching vibrations of the backbone and is found between 1510-1580 cm-1. These two 

amide bands are sensitive to hydrogen bonding and therefore sensitive to the 

differences in conformation of the secondary protein structure. Other chemical bands 

characterizing the IR spectra of keratin fibres includes the amide III (~1230-1270 cm-1) 
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and the S-O stretching vibrations in the spectral range 1030-1100 cm-1. The strong CH2 

& CH3 bending modes (around 1450 cm-1) in a wool Raman spectrum only appear as 

weak feature in the IR spectrum.   

 

Figure 4.23: Wool and mohair FTIR spectra in the spectral range 500-4000 cm-1. 

Liu et al., (2008) with the application of the FTIR for wool and cashmere fibre analysis, 

noted that between different animal fibres, the peak positions, band shape and the peak 

heights may differ claiming that these could form basis for distinguishing between 

different animal fibre types including wool and cashmere fibre samples. In the current 

study the application of band area ratio of the amide I to that of the amide II (amide I/II) 

was determined and investigated for the possibility of differentiating between wool and 

mohair untreated fibres. The absorbance values were determined from eight average 

wool and eight average mohair spectra using the curve fitting procedure, with Table 

4.22 summarizing the results. This band ratio has been selected for study because it 
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could be easily determined and since it is highly sensitive to any variations of the protein 

peptides (Hopkins et al., 1991).  

Table 4.22: Amide I/II ratios for wool and mohair. 

 

Fibre type 

Amide I/II ratio 

Mean Std Dev (σ) Confidence limit (q) 

Wool 1.20 0.04 0.02 

Mohair 1.21 0.02 0.01 

  

Mohair values ranged from 1.14 to 1.31 while wool was found to range from 1.13-1.45 

and it is this observed overlap of the individual values between wool and mohair fibres 

which lead to a conclusion that the application of this amide band ratio in distinguishing 

between the two fibre types seem extremely impossible. The comparison of the mean 

values of the ratios of the two amide bands, using the student t-test, showed that indeed 

these values are not significantly different (p˃0.05). Because of this impossible 

applicability of this band ratio in distinguishing between wool and mohair, this study 

investigated other IR bands for the possible differences between the two fibre types, 

including the investigation of the possible differences in the protein secondary structural 

conformation.   

4.3.3 FTIR Spectral Curve Fitting Results   

Notably, the two fibre types shared identical spectral features and components, implying 

that their possible identification cannot be based on the absence or presence of IR 

bands in one fibre which could not be found on the other. A curve fitting or 

deconvolution of IR bands was also adopted with a view of studying the secondary 

structure of the two fibres   The combination of previous literature (Carr and Lewis 

(1993); Jones et al., (1998); Wojciechowska et al., (2004); Panaiotou (2004)) and the 

application of second derivative spectral analysis were useful in locating the exact 
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positions (wavenumbers) for each band and its components before curve fitting was 

conducted. The major bands in fingerprint region, spectral range 900-1800 cm-1, were 

selected for this section of the results. This spectral region contains IR bands such as 

the amide bands I, II and III, the CH2 & CH3 bending modes and the cysteic acid 

vibrations. Figures 4.19 (a and b) contain examples for some of the wool and mohair 

curve fitting results, respectively. Prior to curve fitting, the three spectra acquired from 

each fibre were averaged and the curve fitting was performed on the resulting average 

spectrum. A linear baseline subtraction was conducted using Origin Lab 8.0 software 

and the components were all fitted with 100% gaussian shaped bands. The curve fitting 

accuracy was quantified by the coefficient of determination (COD) (R2) and the reduced 

chi-squared values and these were always found to be 0.999 for all the curve fitting 

results obtained in this research, see Table 4.23. 

Table 4.23: The accuracy of wool and mohair FTIR spectral gaussian curve fitting. 

 

Statistic 

Mohair Wool 

COD (R
2
) Reduced Chi-squared 

values 

COD (R
2
) Reduced Chi-

squared values 

Average 0.999 3.09 x10
-6

 0.999 1.96 x10
-6

 

Standard deviation 

(σ) 

2.22x10
-6

 2.04x10
-6 

1.11x10
-6

 2.04x10
-6

 

  

The band positions (wavenumbers) are summarized later in Table 4.24 for both wool 

and mohair found in this study with reference to which each band was compared. The 

centre of the cysteic acid band (typically centred around 1040 cm-1) component was 

found to range between 1035-1048 cm-1 in both wool and mohair spectra, with the peak 

heights and band area individual values considerably overlapping between the two fibre 

types. A closer look at other characteristic cystine oxidation by-products, the cystine 

monoxide (1077 cm-1), cystine dioxide (around 1123 cm-1) and the νa (S-O) band at 

1170 cm-1, all showed considerable variation in their band positions. The cystine 
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monoxide (1077 cm-1) component varied from 1070 to 1081 cm-1, while that of the 

cystine dioxide (1125 cm-1) band component ranged from 1115 to 1130 cm-1. The 

position (wavenumber) of the νa (S-O) (1177 cm-1) band component has also been 

found to vary considerably within each fibre type, ranging from 1168 to 1180 cm-1.   

The position of the Amide III band ranged between 1235 and 1240 cm-1 in spectra of 

both wool and mohair fibres, while that of the CH2 and CH3 bending modes was found 

to range between 1449-1455 cm-1. In Figure 4.24 second order derivative (in the 1500-

1720 cm-1 spectral range) spectra of wool and mohair obtained in this study are shown. 

 

Figure 4.24: FTIR second derivative spectra of mohair and wool in the 1500-1750 

cm-1 spectral range. 

Notably, the centres of the peak maxima for the amide I and II bands were consistently 

found around 1652 and 1550 cm-1, respectively, indicating the dominance of the α-

helical secondary structure. Other band components in the amide I and II range include 

the β-pleated sheet (~1670 cm-1), disordered conformation (around 1645 cm-1), the 

amide II component of the β-sheet conformation (1531 cm-1) and the Tyrosine (Tyr) 

band around 1508 cm-1 (Sowa et al., 1995). 
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Table 4.24: IR spectral band positions for wool and mohair fibres. 

 

The band area values relative to that of the CH2 & CH3 bending modes (around 1454 

cm-1), for some of the major IR bands namely S-O (1040), amide III (1239 cm-1), amide 

II (1531 and 1550 cm-1), and amide I (1626, 1650 and 1673 cm-1), for both wool and 

mohair were determined with the intention of distinguishing between the two fibre types. 

The band area and peak height results from wool and mohair are summarized in Table 

4.25. 

Band component Wool Mohair Reference 

νs(S-O), cysteic acid  1044 1044 Church et al., (1997) 

νs(S-O), cysteic acid  monoxide 1073  1073 Jones  et al., (1998) 

νs(S-O), cystine monoxide 1119 1117 Jones et al., (1998) 

νs(S-O), cystine dioxide 1176 1175 Robbins (1967) 

Amide III  1238 1239 Signori and Lewis (1997) 

CH2 & CH3 bending modes 1453 1453 Signori and Lewis (1997) 

Amide II (unodered) 1514 1513 Sowa et al., (1995) 

Amide II (β-sheet) 1537 1537 Sowa et al., (1995) 

Amide II (α-helical streucture) 1553 1550 Wojciechowska et al., (2004) 

Amide I (unordered ) 1612 1611 Wojciechowska et al., (2004) 

Amide I (Turns) 1626 1624 Wojciechowska et al., (2004) 

Amide I (α-helical streucture) 1652 1652 Wojciechowska et al., (2004) 

Amide I (β) 1678 1678 Wojciechowska et al., (2004) 
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Table 4.25: Band areas and heights determined by curve fitting. 

 

Each of the determined band area and peak height was compared, using the student t-

test, for the two fibre types. The observed minor differences were proved to be 

statistically insignificant (p˃0.05). The band area of the cysteic acid (around 1040 cm-1) 

band component has been associated with the content of the cysteic acid (Panaiotou, 

2004). In the current research these were compared between wool and mohair, using 

 

Band component 

Wool  Mohair 

Band area         Peak height      Band area Peak height 

νs(S-O), cysteic acid  0.71 0.02 0.78 0.02 

νs(S-O), cystine  

monoxide 

2.22 0.03 2.23 0.03 

νs(S-O), cystine dioxide 0.78 0.02 0.78 0.02 

νs(S-O), cystine dioxide 2.49 0.03 2.66 0.03 

Amide III (1239 cm-1) 2.19 0.04 2.41 0.04 

CH2 & CH3 bending modes 4.50 0.08 4.40 0.09 

Amide II (1515 cm-1) 3.91 0.10 4.12 0.11 

Amide II (1531 cm-1) 2.89 0.08 2.36 0.09 

Amide II (1555 cm-1) 6.17 0.11 6.26 0.12 

Amide I (1614 cm-1) 4.33 0.10 4.74 0.10 

Amide I (1624 cm-1) 3.79 0.08 3.90 0.10 

Amide I (1650 cm-1) 7.29 0.17 8.23 0.19 

Amide I (1673 cm-1) 3.26 0.07 3.81 0.08 
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the student t-test, with the aim of distinguishing between them two fibres. A 

considerable variation of the individual values was observed for both fibre types, wool 

ranging between 0.40 and 1.08 while for mohair ranged from 0.30 to 1.14. Keratin fibres 

with high content of the amino acid cystine are expected to possess low content of 

cysteic acid while the low cystine content should be accompanied by high content of 

cysteic acid. The comparison of the mean values between wool (0.71) and mohair 

(0.78) showed that the observed difference is statistically insignificant (p˃0.05). 

Because of the observed overlap between the values of wool and mohair, this study can 

conclude that the two fibres cannot be distinguished using the FTIR cysteic acid band 

(1040 cm-1).  

4.3.4 Secondary Structure Analysis for Wool and Mohair.   

The band area ratios of the amide I band components 1650 cm-1 and 1673 cm-1 to that 

of the CH2 & CH3 bending modes (1455 cm-1) have been previously used to estimate 

(quantitatively) the contents of the α-helical and β-sheet secondary structures, 

respectively, in keratin fibres (Panaiotou, 2004). In the current study these ratios were 

determined with the aim of establishing a method for distinguishing between wool and 

mohair fibres. Table 4.26 contains a summary of the results: 

Table 4.26: Summary of the secondary structure analysis.  

Fibre type α-helix content β-sheet content 

Wool 1.64 ± 0.10 0.79 ± 0.08 

Mohair 1.87 ± 0.15 0.91 ± 0.07 

Average ± standard error of the mean (SEM). 

The individual values of the α-helix content were found to vary and overlap considerably 

between wool and mohair fibres, wool ranging from 0.95 to 2.42 while mohair ranged 

from 1.18 to 2.53. The individual values were found to vary greatly between fibres of the 

same sample, possibly due to the varying ratios of the IFs/matrix occurring in different 

fibres (Marshall et al., 1991).  
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The means comparison proved that the observed difference in the α-helical content 

between wool and mohair is statistically significant (p˂0.05). However, the observed 

great overlap in the individual seem to cast a doubt on the possible application of the 

secondary structure contents in distinguishing between the two fibre types. A study 

involving a larger number of wool and mohair fibres appears to be necessary to be able 

to reach a sound and final conclusion.  

The individual values of the β-sheet secondary structure content also varied and 

overlapped considerably between wool and mohair fibres, with the wool values ranging 

between 0.55 and 1.53 for wool while these ranged between 0.48 and 1.68 for mohair 

fibres. These observed variations may probably be attributed to the variations of the 

secondary structure existing from fibre to fibre of the same sample. The mean values of 

the β-sheet content (see Table 4.23) were statistically compared for significance of the 

observed difference, with the student t-test proving them to be statistically insignificant 

(p˃0.05).  
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CHAPTER FIVE 

5.1 CONCLUSIONS 

The development of reliable, fast and cheaper methods for distinguishing between wool 

and speciality animal fibres, such as mohair, remain of paramount importance in the 

textile industry. This study was aimed at investigating the potential of vibrational 

spectroscopic techniques, particularly Raman spectroscopy in distinguishing between 

wool and mohair. This section of this research outlines the conclusions drawn from this 

research study, outlining the results of the investigations performed in the framework of 

this thesis.  

Conclusions for objective 1:   

FT Raman spectra of high quality from wool and mohair fibres samples were obtained 

with ease and with good reproducibility. No sample degradation was observed 

throughout the investigation, even at the maximum laser power (500 mW). This study 

has confirmed that indeed wool and mohair share similar basic chemistry, showing 

highly similar Raman and IR spectral features with identical spectral positions and band 

shapes in both fibre types. In their natural state, keratin fibres such as wool and mohair, 

are strongly dominated by the α-helical secondary structure, this being confirmed by the 

band positions of the amide I (1654 cm-1), the skeletal C-C stretch (936 cm-1) and the 

amide III (1243 cm-1). Raman spectral curve fitting confirmed this dominance of the α-

helical secondary structure and also showed that both fibres prefer the gauche-gauche-

gauche (GGG) conformation, their spectra being dominated by the band component at 

around 508 cm-1.   

Conclusions for objective 2:   

In terms of the second objective of this thesis, this study found that no relationship 

exists between the Raman relative peak heights/intensities and the mean fibre diameter 

(MFD) of wool/mohar fibres, for all the Raman bands analysed. Despite the small 

number of samples involved in this analysis, it is worth noting that the spectral 

information gathered here has been obtained with good reproducibility, and apart from 
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the minor variations in peak positions, average values of the relative peak height ratios 

differed significantly between wool and mohair.  The application of Raman 

spectroscopic ratiometric analysis, particularly that based on ratios A and D, seem to be 

potentially the method for detecting if some fraudulent adulteration has taken place in 

pure mohair fibre products. This research is, however, challenged by the lack of blind 

samples of pure and blended wool and mohair samples. 

Conclusions for objective 3: 

An in-house spectral database of high-quality Raman spectra for wool and mohair has 

been established with the aim of possibly identifying unknown animal fibres. This 

database contains about 100 average FT Raman spectra from wool and mohair fibre 

bundles. The search results of spectrum correlation search algorithm, based on the 

application of HQI, provided good accuracy in classifying known wool and mohair, with 

more than 90% test spectra being classified successfully. However, very few test 

spectra were involved in the validation, and more work still needs to be done in future 

studies on the performance of the current database. This study concludes that, a 

spectral search algorithm based on multivariate or chemometrics, rather than on the 

HQI, would be more suitable for the classification of animal fibres such as wool and 

mohair using the current database.    

Conclusions for objective 4:  

Micro-Raman spectra of single fibres from wool and mohair single fibres were obtained 

with easy and good reproducibility. The micro-Raman spectra of wool and mohair single 

fibres also did not show any chemical band that was specific to one fibre type, which 

would enable their identification. A peak height based ratiometric analysis showed a 

great overlap of individual values for ratios A, B, C, E, F and G, confirming their 

application in distinguishing between the two fibres is might be impossible. This analysis 

confirmed the existence of the possible differences in the peak height ratio D.  
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Conclusions for objective 5:  

High quality spectra of wool and mohair single fibres have been acquired easily and 

with good reproducibility from the FTIR-LUMOS micro-spectrometer. The ratios of the 

peak heights of the amide I to those of amide II (Amide I/Amide II) were determined for 

the two fibre groups. These ratios could not distinguish between the wool and mohair 

fibres used in this study, these possessing a great overlap. The FTIR based cysteic acid 

content and the secondary structure (α-helix and β-sheet) could not distinguish between 

wool and mohair, showing considerable variations and overlap of the individual values. 

This study supports the results of the previously published research and also concludes 

that distinguishing between animal fibres such as wool and mohair, using IR techniques, 

is an extremely difficult task. 
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5.2 RECOMMENDATIONS FOR THE FUTURE 

 The current research has recognized a potential fibre identification method of 

wool and mohair, using the Raman peak height based ratiometric analysis, 

particularly the application of band ratios A and D (based on the relative peak 

height ratios I2932/I1450 and I508/I1450, respectively). Because of the time 

constraints (and the frequent break down of the FT Raman system 

experienced), only a limited number of samples were involved in the validation of 

the ratiometric analysis for wool and mohair fibre identification. A validation on a 

larger number of wool and mohair samples, including samples of unknown 

identities, i.e. blind samples (pure and blended samples), is highly 

recommended as the next step towards realizing the full potential of the 

ratiometric analysis method. 

 

 These observed differences in the relative peak height ratios, particularly ratios 

A and D, are believed to be the result of differing compositions of the amino 

acids and lipids responsible for those Raman chemical bands. A comprehensive 

correlation study of the amino acid internal and external lipid analysis 

determined using chromatographic or electrophoretic methods with the relative 

intensities of the respective Raman bands for wool and mohair fibre samples, 

particularly those used in this study, is highly recommended.  

 

 A chemometric-based spectral classification model such as cluster analysis or 

principal component analysis (PCA), is recommended for the identification and 

classification of wool and mohair fibres. The spectral searching results of the 

Raman database developed in this research has shown that although the first hit 

could not be an exact match (i.e. the query and the first hit of the library belong 

to the same sample), for most of the search results, the following four hits 

always belonged to the same fibre class as the query spectrum, i.e. wool or 

mohair. The inclusion of a wide range of animal fibre samples other than wool 

and mohair fibres will be assessed, these including cashmere, Angora rabbit 

hair, camel hair, etc.    
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 It is common knowledge that chemical treatments are most likely to degrade or 

affect the chemical makeup of protein fibres. Spectral analysis of chemically 

treated animal fibre samples is also recommended for the future research 

studies. This is because fibre identification and blend composition analysis are 

often required for finished products which have undergone chemical processing, 

such as dyeing and bleaching.  
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APPENDICES 

Appendix I (a): Wool and mohair (all Texas) samples for micro Raman analysis. 

Wool samples Mohair samples 

BR11 1048 (Texas mohair) 

Lincoln3 742 (Texas mohair) 

Lincoln4 1126 (Texas mohair) 

Romney marsh 146 (Texas mohair) 

Corriedale  

 

Appendix I (b): Wool and mohair samples analysed using the FTIR-LUMOS. 

Wool Mohair 

Dorset horn (DH) 146 

W38 1048 

W52 1078 

BR59 712 

Corriedale 742 

Lincoln3 1002 

Romney marsh SB 

W56 TYG1 
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Appendix II (a) Effect of sample thickness on the band absolute intensities 
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Appendix II (b): Effect of Sample Thickness on Normalized Raman Intensity  
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Appendix III: FT Raman curve fitting results 

a) Amide I 

Mohair 

 

 

 

Wool 
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b) S-S stretch 

Mohair 
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Wool 
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Appendix IV: A t-test comparison of the disulphide content values from wool and mohair. 

 

Appendix V: Variation in relative intensities of the same spot along a fibre bundle 

The averages (of five spectra) of the relative intensities for each Raman band are presented with the standard deviation values in 

brackets. A minimum of five spectra were acquired from each spot (S) along the length of each fibre bundle (B). 

Sample ID Different fibre 

bundles  

CH2 asym. 

Stretch  

CH2 & CH3 

bending  

Amide I  Phe & Trp  Skeletal C-C 

stretch  

Tyr  Phe  S-S stretch  

 

Texas 

International 

Mohair INC-

B1S1 4.613 (0.021) 1.752 (0.009) 1.564 (0.016) 0.678 (0.011) 0.261 (0.003) 0.231 (0.005) 0.137 (0.003) 0.342 (0.006) 

B1S2 4.42 (0.028) 1.754 (0.005) 1.603 (0.008) 0.676 (0.003) 0.279 (0.006) 0.231 (0.004) 0.134 (0.004) 0.348 (0.004) 

B1S3 4.812 (0.013) 1.765 (0.004) 1.624 (0.004) 0.661 (0.008) 0.270 (0.004) 0.221 (0.006) 0.127 (0.004) 0.346 (0.005) 
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#728 

 

 

B2S1 5.071 (0.047) 1.772 (0.007) 1.662 (0.010) 0.662 (0.007) 0.274 (0.005) 0.231 (0.005) 0.134 (0.001) 0.334 (0.004) 

B2S2 4.716 (0.048) 1.766 (0.014) 1.640 (0.013) 0.651 (0.007) 0.272 (0.002) 0.232 (0.003) 0.133 (0.001) 0.338 (0.003) 

B2S3 5.098 (0.010) 1.769 (0.003) 1.635 (0.005) 0.682 (0.004) 0.276 (0.004) 0.230 (0.004) 0.132 (0.002) 0.342 (0.002) 

 

New Mexico 

Kid Mohair - 

365   

B1S1 4.496 (0.006) 1.763 (0.011) 1.610 (0.004) 0.604 (0.005) 0.270 (0.003) 0.198 (0.004) 0.117 (0.004) 0.376 (0.004) 

B1S2 4.375 (0.003) 1.769 (0.004) 1.636 (0.004) 0.596 (0.003) 0.279 (0.003) 0.203 (0.004) 0.120 (0.001) 0.379 (0.003) 

B2S1 4.944 (0.040) 1.768 (0.013) 1.641 (0.011) 0.577 (0.009) 0.265 (0.003) 0.190 (0.002) 0.108 (0.004) 0.368 (0.008) 

B2S2 5.219 (0.035) 1.772 (0.001) 1.654 (0.009) 0.591 (0.008) 0.255 (0.004) 0.202 (0.009) 0.122 (0.004) 0.372 (0.007) 

B1S1- Bundle 1 Spot 1; B1S2-Bundle 1 Spot 2; B1S3-Bundle 1 Spot 3.  

Sample ID Different fibre 

bundles  

CH2 asym. 

Stretch  

CH2 & CH3 

bending  

Amide I 

(1654 cm
-1

)  

Phe & Trp 

(1004 cm
-1

)  

Skeletal C-C 

stretch   

Tyr  (644 cm
-

1
) 

Phe (622 cm
-

1
) 

S-S stretch 

(508 cm
-1

) 

 

CBP SS6 

Merino Wool 

B1S1 5.175 (0.033) 1.819 (0.069) 1.749 (0.055) 0.636 (0.019) 0.313 (0.015) 0.242 (0.011) 0.127 (0.004) 0.456 (0.013) 

B1S2 5.633 (0.049) 1.788 (0.007) 1.629 (0.012) 0.618 (0.009) 0.305 (0.009) 0.226 (0.009) 0.121 (0.003) 0.436 (0.007) 

B2S1 5.017 (0.080) 1.786 (0.005) 1.659 (0.019) 0.702 (0.012) 0.308 (0.016) 0.287 (0.008) 0.128 (0.010) 0.448 (0.019) 

B2S2 4.993 (0.030) 1.770 (0.008) 1.671 (0.012) 0.680 (0.008) 0.302 (0.003) 0.291 (0.003) 0.132 (0.011) 0.459 (0.011) 

B2S3 5.247 (0.047) 1.757 (0.009) 1.662 (0.029) 0.700 (0.009) 0.307 (0.008) 0.280 (0.009) 0.140 (0.013) 0.435 (0.007) 
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W56 Wool   

B1S1 4.733 (0.032) 1.748 (0.009) 1.711 (0.006) 0.591 (0.013) 0.339 (0.009) 0.176 (0.004) 0.114 (0.003) 0.450 (0.007) 

B1S2 4.791 (0.016) 1.750 (0.008) 1.626 (0.007) 0.583 (0.008) 0.319 (0.007) 0.173 (0.004) 0.116 (0.004) 0.420 (0.005) 

B1S3 4.610 (0.028) 1.747 (0.004) 1.549 (0.006) 0.590 (0.004) 0.320 (0.003) 0.181 (0.001) 0.118 (0.003) 0.427 (0.004) 

B2S1 4.662 (0.035) 1.753 (0.012) 1.652 (0.021) 0.557 (0.010) 0.312 (0.006) 0.179 (0.007) 0.115 (0.008) 0.468 (0.004) 

B2S2 4.579 (0.023) 1.748 (0.007) 1.665 (0.007) 0.595 (0.011) 0.316 (0.004) 0.196 (0.002) 0.118 (0.013) 0.464 (0.011) 

B2S3 5.202 (0.016) 1.761 (0.007) 1.610 (0.007) 0.593 (0.006) 0.323 (0.008) 0.175 (0.006) 0.114 (0.006) 0.398 (0.003) 
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