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ABSTRACT 

Wool is the most used animal fibre in the fashion industry due to its high quality, 

longevity, and wide array of applications in fields ranging from comfortable everyday 

apparel to high-performance sports clothing. The value of wool produced via more 

environmentally and socially progressive means is increasing, including wool recycled 

from post-consumer materials. Wool recycling by mechanical means is compatible with 

open- and closed-loop models, but has issues with fibre length, homogeneity, and large 

scales; this is in addition to the common issues of any material recycling such as collection 

and sorting. An alternative technique is chemical recycling which is currently used for 

the treatment of synthetic polymeric materials at various scales. There is hope that this 

technique can be adapted to enhance the recycling of wool and may serve complementary 

to the current mechanical methods.  

This project considers the preliminary chemical recycling of wool keratin to make 

textile fibres. Commercial wool offcuts were successfully dissolved by a reduction 

process to give solutions of ~ 11.3 weight % (wt%) keratin, showing efficiency of approx. 

75.6 %. This keratin solution was blended with 2-hydroethoxy cellulose (HEC) and 

polyvinyl alcohol (PVOH), and the resultant blends were used to make films and to create 

filaments via a laboratory scale wet-spinning system. The filaments were successfully 

cross-linked with glutaraldehyde (GA) and 4,4′-methylenebis- (phenyl isocyanate) (MDI) 

to impart useful tensile properties. A variety of filaments were found to have tenacities at 

break above 0.5448 cN/Tex (5 g/denier). The tenacities fell within the range of other 

fibres on the market, but the extension at break was far below these, suggesting difficulty 

in application to the textiles market.  

The process was analysed at different stages with Fourier Transform Infrared 

spectroscopy (FTIR), Ultraviolet Visible Light spectroscopy (UV-Vis), and SDS 

polyacrylamide gel electrophoresis (SDS-PAGE). The surface morphology of the 

material was assessed via Scanning Electron Microscopy (SEM) and the tenacity was 

tested using Instron apparatus. Although the different stages of the outlined process have 

not been optimised due to time constraints, the project serves as a springboard for further 

work on lab-scale recovery of wool keratin from waste fabric, specifically for re-use in 

the textiles industry. 
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  Introduction 

1.1 Background information 

Wool is the most used animal fibre in the fashion industry due to its high quality, 

longevity, and wide array of applications [4]. In recent years, wool has been gaining 

recognition as a high-performance and specialist fibre with tuneable properties [5]. It has 

therefore become important for brands in enhancing business portfolios and increasing 

economic competitiveness. The value of ‘preferred’ wool, which is wool that is 

‘ecologically and/or socially progressive and has been selected because it has more 

sustainable properties in comparison to conventional options’, can be seen by the 

increased use of wool certified according to Recycled Content Standard, Global Recycled 

Standard, SCS Recycled Claim and Cardato Recycled [1]. From a microscopic 

perspective, the wool fibre has a complex, unique, hierarchical macrostructure which 

gives rise to the fibre’s unique physical and chemical properties, showing why it is so 

attractive for the textiles industry [7]. The fibre is made up of keratins by 95 weight % 

(wt%), a class of fibrous proteins amongst the toughest biomaterials, serving a variety of 

functions in nature [8].  

It is important to recognise the value of post-consumer textile wool, a material 

that when mechanically recycled for the first time can produce a high quality product, 

which is largely not achievable within the recycling of other fibres [9]. Wool recycling 

by mechanical means has long been compatible with open- and closed-loop models in the 

textiles industry [10]. Although well researched, it is generally accepted that mechanical 

recycling is only applicable for fibres of homogeneous length distributions on large, 

industrial scales [6]. Furthermore, there are issues with waste management streams, 

including wool material collection, separation, and pre-treatment before recycling. On the 

other hand, chemical recycling offers an alternative technique which may be applicable 

to laboratory-scale use. This may offer a new avenue for the recycling of materials 

incompatible with mechanical means. 

1.2 Research gap and motivation 

Currently, chemically extracted keratins from a variety of sources are used in non-

textile industries such as biomedicine [11-14], food packaging [15-17], filters [18, 19], 

composites [14, 20-23], health and beauty supplements [24-27], and wood adhesives from 

peptides made from keratins that have been broken down by enzymes [7]. The predicted 

growth of the (soluble) keratin market particularly shows the value of projects such as 

this in the future [26]. Back in the 1940s, there was a variety of studies on regenerated 
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protein fibres from a range of sources, including wool keratin. Such techniques are 

already well-established for man-made fibres, but very little research has been done to 

adopt such a process for regenerating protein fibres. This could not only recycle wool but 

possibly produce wool-like fibres to any desired specification (shape, length and 

fineness). There is potential to create a fibre that can replace virgin wool in many 

industries, through modifying the crystalline/amorphous regions of the molecular 

structure. Chemical recycling is also a solution for materials that cannot be recycled 

mechanically, such as short fibres that would be rendered unusable by the mechanical 

process.  

1.3 Aim and objectives 

 The aim of this thesis is to recycle of wool via a chemical procedure and from the 

resultant solution create a fibre that can be used in the fashion and textiles industry. 

Commercial wool offcuts from a local dyer and finisher were used with the aim to that 

this method could then be adapted for the recycling of such material. The specific 

objectives of the research are listed below, 

(1) Waste wool pre-treatment: removal of any existing colourants through a reduction 

process and cleaning of the fabric. 

(2) Waste wool dissolution using chemical reagent which does not degrade the 

polypeptide chain under required pH condition and temperature. Other chemicals 

may be added into the system to help swell protein chains, allowing better reagent 

penetration into the wool structure, and preventing the re-cross-linking of chains.  

(3) Blending of extracted keratin, regenerated or in keratin-based solutions, with 

polymers to confer useful mechanical properties.  

(4) Lab-scale development of a fibre.  

(5) Testing of material properties and analysis.  

1.4 Thesis layout 

 

The thesis contains four other chapters following this Introduction chapter. Chapter 

2 presents a review of the literature, initially considering the fibre’s structural properties. 

Subsequently, the history and chemical theory of extraction methods is explored. The 

manipulation of the resultant keratin solution follows, including the techniques used for 

making keratin-based materials, which are explored in terms of their end uses and quality 

requirements in industry. Chapter 3 outlines the experimental method used, specifically 

the dye removal protocol, the Soxhlet scouring protocol, the chemical recycling 
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experiments, purification via filtration and dialysis, regeneration, blending with polymers 

and casting films, and finally spinning filaments. Consequently, the material analysis is 

explained, considering a variety of techniques (UV-Vis, FTIR, SDS-PAGE, SEM, Instron 

tensile testing). Chapter 4 presents experiment results and discussion of the results 

obtained, systematically considering each of the process steps outlined in Chapter 3 with 

the understanding gained from material analysis techniques. Chapter 5 presents 

conclusions and future research recommendations for the project. 

1.5 Statement of impact  

 

 Understandably, the years 2020 – 2021 have been difficult due to the Coronavirus 

pandemic. As such, decisions on any work undertaken, in all fields, have been taken 

within the possibilities outlined by local and national (governmental) regulations. Below 

are explanations on the specific impact this situation has had on this project.  

The Coronavirus pandemic caused issues with facility access as the University 

responded to different governmental regulations. Laboratory access was limited to 9 – 

16:30 Monday-Thursday (34 hours per week lab access). Access on Fridays was allowed 

only from May 26, 2021 onwards, which did not make a large difference as all lab work 

had to be finished by 21st of June to allow a proper amount of time to write up the material. 

This is in stark contrast to normal building access of 9:00 – 22:00 Monday-Friday (65 

hours per week). Longer hours of access would have been extremely beneficial as some 

parts of the experiments could have been run for 12 hours, which would have been easily 

achieved with the original building hours, but instead had to be run overnight (24 hours) 

(see Chapter 3). 

IT facility access was also limited because the allocated personal PGR office 

space was only opened on the 15th of February 2021, which affected the use of data 

analysis software (Origin). Office access was also only allowed for when experiments 

were running and all other work had to be carried out from home. This only changed on 

May 26, 2021.  

In terms of equipment, the electrospinning machinery was not in service until May 

2021, at which point it was too late to attempt electrospinning of solutions. Melt-spinning 

machinery on campus was also not operational at the time of this project. Both spinning 

techniques would have been beneficial because a blended filament from regenerated 

keratin from this work could have been combined with a man-made polyester. For 

example, a biodegradable fibre-grade polyester sample was obtained from a company but 

was not compatible with solution (wet-) spinning (see Chapter 3 and 4). The UV-Vis 
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spectroscope was not operational for the period April 28th – June 21st, 2021, during which 

it could have been useful for solution analysis (see Chapter 4). Protein concentration 

(SDS-PAGE) (see Chapter 3 and 4) was carried out at the Heriot-Watt (Edinburgh) 

Riccarton campus facilities, but access was difficult to arrange and therefore only this one 

test type was undertaken. This is because communications and travel to/from Riccarton 

campus were affected by Covid-guideline-influenced accessibility to the buildings, and 

also by the associated University-managed transport, which had to be arranged and was 

only running if essential, not every day as it would have been usually. 
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  Literature Review 

 

2.1 Introduction 

This chapter provides a comprehensive literature review of the research topic area, 

including: (2.2) wool structure and properties, (2.3) wool recycling, (2.4) chemical 

dissolution to obtain keratin(s), (2.5) resultant keratin solution manipulation 

(regeneration, blending), (2.6) techniques used to make keratin-based materials, (2.7) end 

uses and quality requirements of regenerated fibres, specifically explaining their role as 

textile material and (2.8) conclusions to the literature review, explaining the choices made 

for this project.  

 

2.2 Wool structure and properties 

Wool is made up of 95% wt% keratin proteins [7]. Keratins are proteins that can 

form intermediate filaments (sometimes called microfibrils for hair and wool [28]), with 

specific physicochemical properties produced in any vertebrate epithelial tissue [29]. Like 

all proteins, they are made up of long chains of amino acids linked by peptide bonds [30], 

with keratins specifically formed from various arrangements of 18 distinct amino acids 

[31]. They are amongst the toughest biomaterials, serving a variety of functions in nature 

[8], the range of which is caused by slight differences in amino-acid side chains as these 

dictate the protein-protein interactions [32]. Keratin types can therefore be grouped into 

“hard” keratins, found in hairs (wool), nails and similar structures, or “soft” keratins 

found in the stratum corneum (the skin) [33]. Wool keratins have a uniquely high 

proportion of cysteine amino acid (10-15%) [7, 31, 34]. The cysteine and methionine 

(Figure 2-1) amino acid side chains contain sulfur and are important because they can 

form disulfide bonds which give structural integrity to the protein [32]. Some of the 

important interactions between naturally found keratin chains are shown in Figure 2-2, 

adapted from Wortmann, 2009 [33].  

 

 
Figure 2 - 1 Amino acids a) L-methionine b) L-cysteine. 
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Figure 2 - 2 a) – e) Five important amino acid side-chain interactions (red) between 

keratin chains (bold), adapted from Wortmann, 2009 [33]. Note: the bond lengths are 

stylised to evidence the interactions and do not reflect actual bond length range within 

the structure. The ellipses show that the keratin chains continue on in both directions. 

The phenyl ring interaction is favourable in water due to the entropy gained by 

the displacement of water molecules to achieve this hydrophobic (apolar) effect. It should 

be noted that the isodipeptide bridge, found in cornified tissues, is a relatively rare 

interaction [35]. Some sources suggest that further cross-links of lanthionine and 

lysinoalanine can also form with heat and water [33, 36]. Similar interactions have also 

been featured when explaining the dissolution process of wool keratin, described in 

Section 2.4.  

Keratin intermediate filaments (microfibrils) form parallel assemblies within a 

matrix of ‘keratin associated’ and other proteins in between the intermediate filaments in 

cortical cells [28]. The microfibrils associate as macrofibrils which are arranged in a 

helical form in the ortho-cortex and a parallel (to the fibre axis) form in the para-cortex 

[28]. The cortex is surrounded by multi-layered cuticle which contains one-directional 

cuticle scales [28]. This structure, as seen in a merino wool fibre, is represented by the 
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Commonwealth Industrial Scientific Organisation’s (CSIRO) model, shown in Figure 2-

3.  

 

Figure 2 - 3 Merino wool fibre model from Commonwealth Industrial Scientific 

Organisation’s (CSIRO) [37], showing the separate parts of the wool fibre, the protein 

content and the size in nanometres of each section. 

The performance of wool (and hair) as a textile fibre is dictated by the outlined 

complex multi-level structure. Specifically, the elastic recovery of wool keratin when wet, 

due to the transition from α- to β-keratin, maintains its quality of the fibre. This is 

important both when it is part of an animal’s coat and also during wear in a textile. 

Differential expansion on drying of asymmetrically distributed ortho- and para-cortexes, 

such as those present in sheep’ wool, gives crimp to the fibre which leads to a useful 

‘bulky’ fleece. There is no crimp seen in symmetrically distributed cortexes, giving 

straight fibres which are useful for other animals [28]. Therefore, different hairs and 

wools more attractive for different textile applications. The one-directional arrangement 

of cuticle scales has the purpose of impeding dirt and other material from travelling 

towards the skin of the animal. This also means that there is directional friction, and the 

fibres can ‘felt’ [28], under heating, forcing and wetting, which gives rise to a useful 

textile material. This material is especially important in creating warm clothing and 

originates from nomadic tribes in Central Asia in the Bronze age [38].  
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2.2.1 α and β keratin 

 

Wool is primarily made of hard α-keratins, a form of tough composite material 

also found in mammal hair, hooves, and claws [32, 39]. Alpha (α) and beta (β) are 

secondary structures that correspond to common α-helix and β-sheets forms of natural 

proteins (Figure 2-4) [40]. Different organisms use keratin in distinct ways and therefore 

specific keratin arrangements are seen, such as overwhelming β-sheet form in feathers as 

compared to mostly α-helix form in wool [32].  

 

 

Figure 2 - 4 Representation of the transition from α-helix to β-sheet of keratin from 

hagfish slime threads under tensile loading, shown as (a) keratin structures and (b) a 

representative stress/strain curve which is split into the Hookean region, the yield region 

and the post-yield region, based on work by Wang et al.[8]. 

 

Both α-helices and β-sheets are stabilised by hydrogen bonds between the protein 

strands. Right-handed α-helices are common for proteins because they energetically 

favoured due to a decrease in steric clash between side chains, caused by the specific coil 

formation. The β-sheet is also a commonly found protein structure, which is instead more 

extended and ‘pleated’. It can contain an amorphous mixture of flat and twisted sections, 

making β-sheets generally more structurally diverse than α-helices [8, 40-44]. An α-helix 

to β-sheet transition occurs when the intra-helical bonds break. Subsequently, the α-helix 

heterodimer stretches, unravels, fully extends, and refolds into β-sheets, as confirmed by 

experimental stress-strain curves (Figure 2-4) [8, 41-44]. This transition is reversible in 

some sources of keratin, such as hydrated α-keratin in wool [45], and is the reason for the 

high maximum breaking strain of tested wool intermediate filaments [46, 47]. Due to this 
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ability to change structural form under strain, keratin is not purely elastic or purely 

viscous, so it is labelled as ‘viscoelastic’ [48]. Conversely, the amorphous nature of β-

keratin make it difficult to characterise, although it is known that it generally has less 

satisfactory mechanical properties than α-keratin [8].  

 

2.2.2 Wool sample dyes 

Although a variety of dyes can be used on wool with the aid of different auxiliary 

chemicals [49], largely based on the pH of the dyebath used [50], the samples in this 

project were specifically dyed with acid levelling dyes, also known as equalising dyes. 

The dyed used in this project were from the line ‘Bemacid E’. The ‘E’ group of the 

Bemacid/Bemaplex line are distinguished by their light fastness and favourable list of 

attributes including migration, compatibility, rapid exhaustion and rapid fixing under 

specific conditions, but they have a moderate wet fastness [51, 52]. The dye molecules of 

all levelling dyes migrate into and out of the fibre easily and therefore have poor wash 

fastness, so they are mainly used for pale, bright shades such as those of the samples in 

this project (see Chapter 3) [53]. From previous literature that explores Bemacid dyes, 

they seem to include a range of synthetic dye groups such as azo and anthraquinone [2, 

54]. The chemical structure of Bemacid Yellow E-4G, possibly similar to the compounds 

found in these samples, can be seen in Figure 2-5.  

 

 

Figure 2 - 5 Structure of Bemacid Yellow E-4G dye, with the distinct azo group (red) 

clearly visible [2]. 

Acid levelling dyes are used in the dyebath with a variety of levelling agents and 

other auxiliary chemicals [52, 55]. Levelling agents help achieve lighter shades where it 

is particularly difficult to obtain a uniform, even dyeing result [50]. These agents work 

within the equilibrium system of the dyebath to regulate dye uptake by the fibre by 

managing the rate of dye release onto the fibre. Anionic levelling agents do so by 
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competing with the dye to access the fibre, whilst cationic levelling agents form a 

complex with the dye and this complex breaks down with changes in dyebath 

temperature, thus allowing better control of dye release [56]. A simplification of the 

equilibrium system of a fibre in a dye bath containing levelling agents, dyes, and water, 

is presented in Figure 2-6, based on work by Kabir & Koh, 2018 [57]. The levelling agents 

used in the dyeing of these samples are Glauber’s salt and Levelling Agent CWL [52]. 

Glauber’s salt is often employed with sulfuric acid dyes (pH 2.5 – 3.0), formic acid dyes 

(pH 4.0) and acetic acid dyes [50]. These auxiliary chemicals are not expected to affect 

the removal of the dyestuff and subsequent solubilisation of the wool in the method of 

this project, although the dye should be removed before further processing.  

 

 

Figure 2 - 6 Simplification of the equilibrium system inside a dyebath containing 

levelling agent, dye, water and the fibre to be dyed [56]. 

2.3 Wool recycling 

2.3.1 Wool waste streams 

The process of wool production is generally composed of sheep farming, 

processing of the wool (scouring, carding, drafting, dyeing), followed by yarn production 

and garment manufacturing [4, 58]. A typical wool material flow diagram with 

mechanical recycling via non-woven or spinning route can be seen in Figure 2-7, based 

on work by Russel et. al . [4] and Wiedemann et al. [58]. Textile waste can generally be 

recycled via the open or closed loop methods, which are (visually) defined in Figure 2-8 

a) and b). 
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Figure 2 - 7 Waste sources from the wool pipeline and the apparel sector and possible 

mechanical recycling routes: spinning route (long fibres) (closed-loop recycling), non-

woven route (short fibres) (open-loop recycling), closed-loop wool-carpet-fertiliser 

recycling. Based on diagram from International Wool Textile Organisation [59], 

information from Russel et al. [4] and Wiedemann et al. [58]. a Data from Russell et. al 

[4]. 
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Figure 2 - 8 Graphical representation of (a) Open-loop and (b) closed-loop cradle-to-

cradle (C2C) models for garment recycling, based on images by Payne [10]. 

 

Both pre-consumer and post-consumer textile waste can include material that is 

dyed and treated (finished), so additional processing steps such as scouring, and dye 

removal may be required before recycling. Pre-consumer waste is present in most stages 

of the wool processing model and is commonly fed back into different parts of the process 

to ensure it is mechanically recycled into new material via the spinning route. 

Nevertheless, material composed of short fibres of non-homogeneous length is not 

compatible for such processing [6], in which case it gets diverted into the non-woven 

route. These materials are generally of low value and used in manufacturing of products 

such as carpets, thermal and acoustic insulation, and mattress padding (Figure 2-7).  

Post-consumer waste is composed of textiles collected by collection centres. The 

end-of-life options for discarded clothing in order of resource efficiency have previously 

been identified as: reuse and resale, closed-loop recycling, open-loop recycling, 

incineration and landfill [4]. As reported by the Ellen Macarthur Foundation [9], less than 

13% of material gets recycled (closed-loop and cascaded open-loop recycling), and 73% 

is landfilled or incinerated (Figure 2-9). Poorly controlled landfills exacerbate the green-

a) Open-loop cradle-to-grave
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house gas emissions of all natural fibres [9], so opportunities to divert textiles towards 

recycling should be targeted.  

 

Figure 2 - 9 Global Material Flows in 2015 from the Ellen Macarthur Foundation [9]. 

2.3.2 Some issues with recycling 

 

In general, the material composition of the collected post-consumer items reflects 

the relative durability, frequency of use, serviceability, and perceived value of different 

fashion textiles [60]. Wool makes up a small amount of the production market in the UK 

[60], but wool garments have a generally high lifespan and retain relatively good quality 

than some other fibres that are more commonly used for clothing manufacture. In both 

the US and the UK, wool therefore makes up a relatively small percentage (~5%) of 

donated post-consumer clothing, although it should be noted that the exact fibre 

composition of post-consumer clothing varies by geographical region and may be similar 

in different parts of the world as well [4]. This small percentage is over three-fold the 

global market share of the virgin fibre, showing that there is enough post-consumer wool 

that could replace the virgin fibre, as confirmed by a World Apparel Fiber Consumption 

Survey carried out by the UN’s Food and Agriculture Organisation [61]. One highly 

promising way that the loop has been closed is in mechanically recycling wool carpets to 

make fertiliser for grass and other plants, to feed sheep that can then produce more wool, 

performed in New Zealand [62].  

Post-consumer wool may not be entering relevant recycling streams in volumes 

large enough to be economically feasible due to issues with sorting and separating 

different fibre types [6]. Both a solid infrastructure for collection and sorting of post-
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consumer waste, and effective disassembly of garments is important prior to the stages of 

actual recycling [60]. One important issue is that some garments contain blends of fibres, 

as these allow for optimisation of fabric properties and reduced production costs. When 

mechanically recycling mixed fibre feedstock, the resulting fibre composition is difficult 

to control, so the recycled product is often of low value. This becomes even more 

complicated when biodegradable fibres (such as natural fibres like cotton or wool) are 

blended with non-biodegradable fibres (synthetics such as polyesters) [9]. There has been 

discussion on the fundamental issues of design within the fashion industry, with concepts 

such as design for recycling or for disassembly showing how important end-of-life 

considerations are from the start [63]. It should be noted that the entirety of the recycling 

process involves many different steps, and so a close collaboration between a variety of 

contractors is required, which poses traceability issues and can cause new issues of waste 

generation [6]. 

A general issue with the mechanical recycling of wool textiles is that the process 

relies on long, homogeneous fibres, which cannot always be guaranteed [64]. For 

example, knitted woollen fabrics can be mechanically separated into longer fibres which 

are compatible with spinning route recycling. On the other hand, woven wool fabrics 

yield shorter fibres which are not compatible with the spinning route, and are instead 

downcycled into lower value materials, as previously mentioned in Figure 2-7 [4]. 

Evidently, multiple mechanical recycling of a fibre induces stress to the material, because 

every time it is put through such a process it gets further stressed, shortened, or otherwise 

changed [65]. This material could therefore instead be a feedstock for chemical recycling, 

if a useful, high-value filament was produced. 

2.3.3 Benefits of recycling  

Creating new high-value textile fibres to displace the current problematic fibres 

on the market, which are overwhelmingly synthetic [1], can offer positive environmental 

impacts [66]. The current clothing manufacturing system is almost entirely linear, as 

evidenced by the Ellen Macarthur Foundation [9]. As a result of the fashion industry’s 

impact, there is expected to be a three-fold increase in terms of (non-renewable) resource 

consumption, and over ten-fold increase in terms of the industry’s carbon budget (based 

on the 2-degree scenario). Furthermore, during the time period of 2015-2050, the fashion 

industry is projected to add 22 million tonnes of microfibres into the ocean, a serious 

global environmental threat [9, 67].  
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Recent life-cycle assessment of cradle-to-grave wool garments by Wiedemann et 

al. [58] exposes some of the environmental issues with the production, processing, use, 

and end-of-life of wool apparel. Greenhouse gas emissions from wool production 

(farming) had the highest impact contribution, although part of this relates to the farming 

of sheep for meat. Using mechanically recycled wool mitigates these effects on both a 

large and a small scale. For example, the prominent outdoor clothing brand Patagonia 

claims that replacing half of their wool with the mechanically recycled variant reduced 

their carbon dioxide emissions by 81% [68].  

The environmental impact of various fibres at different stages of production is 

challenging to quantify in a way that allows direct comparison. The Turley et al. [69] 

report completed for the Department for Environment, Food and Rural Affairs is one 

example of a positive start towards easy comparison of fibre impact using different 

metrics. For example, energy and water use per kilo of fibre produced (Figure 2-10) can 

be used as a good representation to allow the comparison between different fibre classes: 

synthetics (polyester (PET)), regenerated plant fibres (lyocell), animal fibres (wool) and 

plant fibres (cotton). This is just an illustration and not an overall definition of fibre 

impact, and it is known that fibres production involving farming would have different 

resource usage than purely synthetic manufacturing methods. In fact, the agricultural 

impact of natural fibres is significant. Because wool involves the farming of animals, it 

has the highest land impact with an estimate of 278 hectares to produce one tonne of fibre, 

compared to just 1 hectare per tonne for cotton [9, 69]. Although there are many 

opportunities to reduce the impacts of wool, the study by Wiedemann et al. [58] showed 

that the use stage of the garment was found to be ‘the most influential factor in 

determining garment impacts’, suggesting that maximising lifetime has the highest 

potential to reduce overall impacts. Recycling of these garments at the end-of-life could 

prove further benefits. 
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Figure 2 - 10 Energy and water consumption in the production of selected fibre types, 

using data from Turley et al. [69]. 

Highlighting the positive economic impacts of recycling textiles is another strong 

driving point for industrial level changes. This is difficult to quantify exactly, but the 

Pulse of the Fashion Industry reported in 2017 that if the fashion industry addresses the 

current environmental and social issues, the world economy could annually gain EUR 

160 billion (USD 192 billion) [9, 70]. On a small scale, using a blend of wool and recycled 

wool can be as much as 40 % cheaper than using just virgin wool [9, 71]. As a result of 

these benefits, it is clear that wool recycling should be further developed [72] as a 

potential to displace the fibres on the current textile market. 

2.3.4 Mechanical and chemical recycling  

 

Mechanical wool recycling has a long history, with the activities in Prato, Italy 

and Panipat, India, at the forefront of the industry [73]. It is compatible with both open-

and closed-loop recycling models. The process, known as shoddy/mungo, was invented 

in the early 19th century and is still sometimes used today, although its economic 

feasibility heavily favours large batch processing of a minimum of 50 tonnes [6]. 

Furthermore, the commercial value of the end product depends on fibre length and fibre 

length homogeneity. Shoddy, made of recycled remanufactured post-consumer wool, and 

mungo, a fibrous woollen material made of pre-consumer wool, are the two products of 

the process, although each processing step has a feedback loop to ensure any waste is 

recycled [6].  
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The process involves colour sorting wool samples, keeping the original dyes, or 

overdyeing the samples, physically separating the wool fibres, and mixing different fibres 

to make new products. The value of the final product must be considered from both a 

sustainable and a comfortable marketable viewpoint [6]. Herein, the different ways in 

which wool waste can be recycled plays an important role: wool from knitwear, which 

has highest compatibility with yarn manufacture, can be recycled into wool yarn. Any 

other material not suitable for such processing can be downcycled into fillings and non-

woven products, as previously seen in Figure 2-7 [6, 74].  

On the other hand, chemical recycling of fibres involves sorting, cleaning, 

dissolution, and reconstitution of the fibre. Such techniques are well established for man-

made synthetic fibres, especially when there are small fibre sections that cannot be 

processed mechanically [64], which are broken into monomers (de-polymerised, 

sometimes also known as ‘monomerised’) and subsequently re-linked (re-polymerised) 

to make regenerated fibres [9]. There is less modern research on the use of such a process 

for regenerating protein fibres, but this technology could be further developed as in the 

mid-20th century it was identified that all proteins are theoretically suitable for fibre 

formation [75] (see Section 2.5). This method of creating protein fibres from wool keratin 

suggested to be analogous to that of making viscose rayon from cellulosic materials, 

particularly cotton [76]. The research into regenerated natural fibres was rapidly replaced 

by the emergence of a new field, the cheap, outperforming synthetic fibres [27].  

2.3.5 Textile recycling opportunities today 

 

Nowadays, consumers grow increasingly conscious of the environmental and 

ethical background of items [66], especially within the fashion industry. On an industrial 

level, this has been recognised in various attempts to assess the sustainability of the 

fashion industry, as demonstrated by the continuous emergence of a variety of 

‘sustainability indices’ that each aim to provide an approach to assessing a brand’s 

performance, such as the Pulse Score [70] or the Business of Fashion Sustainability Index 

[77]. Research into consumer needs shows that although environmental compatibility is 

attractive, compromising product performance for such a label is problematic [78-80]. 

This is probably why organic cotton has had such a high success in the textile market: it 

is physically indistinguishable, albeit more expensive, than the non-organic variant [78].  

It should be noted that it is difficult to completely define an eco-friendly material, 

but regenerated protein fibres could be accepted as such if they: (1) were made from 

renewable raw materials or existing waste (e.g. agricultural waste or post-consumer waste 
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diverted from landfill); (2) were produced using an environmentally friendly and 

economically viable process; and (3) had a targeted end-of-life biodegradability or 

recycling capability [66]. Regenerated protein fibres from the 1930s could be considered 

natural, sustainable, renewable, and biodegradable by today’s standards [66]. These 

considerations will be revisited later to determine the specific eco-friendly credentials of 

the regenerated wool fibre (see Section 2.7.4).  

2.3.6 Non-Keratin targets 

It should be noted that wool keratin is not the only useful material that can be 

extracted from wool. Current literature discusses the possibility of obtaining three distinct 

products from wool, in descending molecular size: cortical cells, keratin, and peptides. 

To obtain cortical cells from wool, the intracellular matrix they are suspended in must be 

disrupted without decomposing the cells themselves. This can be done via ultrasonic 

treatment with formic acid and enzyme (protease-type) treatment [81]. The resultant 

cortical cell solution can be suspended in a compatible polymer matrix and processed by 

solvent casting of extrusion to mimic spinning, the latter of which is a common industrial 

technique for fibre manufacture (Section 2.6) such as cellulose acetate and extruded as a 

filament (Figure 2-11 a). The solution can otherwise be solvent cast to obtain a film 

(Figure 2-11 b) [81]. As seen in Figure 2-11 b, the cortical cells are oriented in the 

direction of the filament axis. 

 

Figure 2 - 11 Wool cortical cells in cellulose acetate matrix (a) extruded as a filament, 

showing orientation of the cells with fibre axis, and (b) solvent cast to produce a film, 

showing random orientation of the cells in the matrix [81]. 

It was noticed that the mechanical properties of the product generally decrease 

with increased proportion of cortical cells, probably due to scant cell-matrix surface 

adhesion and heterogeneity which both favour breaking of the matrix through micro-

cracking. Advantages include improved thermal properties and hydrophilicity, imparted 

by the cortical cells. Further investigations on the effects of these cells on novel dyeing 
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properties and colour effects are possible areas of research for using such material for 

textile applications. Current applications for such materials are identified as: compostable 

packaging, disposables, agricultural films. There is also the possibility of creating textile 

fibres with novel properties such as improved fire resistance, moisture regain, dyeing 

performances, colour effects, handle, and look [81]. 

Peptides can be obtained from wool keratin degradation, usually using a specific 

enzyme (protease-type) which breaks apart the peptide bonds. A recent European Union 

funded RESYNTEX project employed a stepwise enzymatic degradation of post-

consumer textiles containing a blend of fibres, where the high selectivity of enzymes 

plays a key role in decomposing each of the materials without influencing the other. In 

this project, wool and other animal fibres are degraded into peptides with 95% efficiency. 

These are then used as a source for carbon and nitrogen for resin manufacturing in the 

wood adhesive industry [7]. A schematic view of the process can be seen in Figure 2-12. 

Unfortunately, the RESYNTEX project did not provide an accessible review of all of the 

possible applications of wool derived peptides, so it is not clear if they have been 

considered for use in novel fibre manufacture or other industries. Specifically keratin-

derived peptides can be used in a variety of important non-textile industries such as 

cosmetics and pharmaceuticals (see Section 2.7.1) [82].  

 

 

Figure 2 - 12 Flow-chart showing the overview of the RESYNTEX project, from post-

consumer textile waste to other industries [83]. 
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2.4 Chemical dissolution to obtain keratin 

2.4.1 History of chemical recycling 

The shortage of wool and silk caused by the second world war sparked research 

into regenerated protein fibres during the 1930s [84]. The initial interest in these materials 

was due to their similar handle and properties to wool and silk, and they could be dyed 

and processed by existing textile machinery. In some cases, these materials had less 

prickle, pilling or shrinking, making them even superior to natural fibres [85]. There was 

a wide interest in commercial production, with materials were successfully obtained from 

milk casein protein (Lanital, Fibrolane, Aralac), groundnut proteins (Ardil), soybean 

protein and corn zein (Vicara) [86, 87], and even a small amount of research into 

regenerating protein from waste wool [75, 76, 84, 88-92]. Unfortunately, attempts to 

create fibres from regenerated waste wool were largely unsuccessful for use in the textiles 

industry. This reflects the inability to recreate the multi-level structure of the original 

wool fibre, which is important for textile use [28] (see Section 2.2). In general, few of 

these regenerated fibres had lasting commercial success, as feedstock and concomitant 

infrastructure to connect processes was lacking. Furthermore, the regenerated fibres had 

low tenacities when wet (‘low wet strength’) [66], and other performance issues, such as 

high elongation but low elastic recovery ability and poor dimensional stability. 

Specifically for wool, the regeneration process was probably not adapted commercially 

as the conversion rate from wool to regenerated fibre was only 35% [76]. By the late 

1960s, these fibres were displaced on the market [86], by the emergence of high-

performing, cheap synthetic textiles, namely nylon in 1935 [93], polyester in 1941 [93], 

and rayons, developed throughout the early 20th century [94].  

To be relevant today, the past issues of regenerated protein fibres must be solved. 

Within the recycling process, the issue of wet-strength can now be solved via 

developments in cross-linking agents and possibly even nanoparticle reinforcing [66], as 

discussed further in Section 2.6.3. The issue of a constant, reliable feedstock in plentiful 

amounts which can be diverted to different processing plants has largely been removed 

since the 1950s due to industrial development. There have been new sources of waste 

produced and improvements in infrastructure to support handling of material in such 

volumes [66]. This can be seen as recently some commercial regenerated protein fibres 

have reappeared as part of the start-up ‘sustainable fashion’ movement, such as those 

from fibre makers Swicofil and QMilk [95], the latter of which is obtained from collected 

milk that has gone past its expiration date and is no longer considered food-grade [96]. 
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For wool, as previously discussed in Section 2.3.1, the post-consumer or industrial level 

wool materials that cannot be mechanically recycled could be an interesting area of 

research. The chemical recycling of wool is therefore proposed as a way to divert material 

from landfill/incineration, as suggested in Figure 2-13. 

 

 

Figure 2 - 13 Chemical recycling could fit into the current wool and wool-textile waste 

model. Percentages data from Ellen Macarthur Foundation [9] used as an approximation 

as they are given for the textiles industry as a whole, not just for wool (shown in Figure 

2-9). 

 

2.4.2 Theory of chemical recycling 

  

Chemical recycling of polymeric materials involves de-polymerisation followed 

by re-polymerisation to make a new polymer for making fibre or filament [9]. Largely 

established for synthetic fibres, a similar process could theoretically be employed for 

regenerating protein fibres [64]. Making keratin fibres from discarded wool in this manner 

has been compared to the process of making viscose rayon from cellulosic materials such 

as cotton [76]. Understanding the molecular level composition of wool keratin is the basis 

of chemical recycling. As previously discussed, keratins have a particularly high content 

of cross-links, specifically disulfide bridges, and so are generally difficult to dissolve [15, 

32, 97-103]. Furthermore, when extracted and regenerated, the chain conformation 

becomes predominantly β-sheet character, which is the mechanically-unfavourable form 

compared to the elastic α-helix form in the original wool. Therefore, specific post-

processing (such as cross-linking) is required to obtain useful qualities [104], as discussed 

further Section 2.6.3.  

Theoretically, all known proteins are structurally adaptable to fibre formation. 

Proteins need to be in an extended chain conformation which can then be drawn out into 

alignment as fibres or filaments [75]. The aim is to break down interchain linkages but 

maintain the main chain length. It is desirable to have extended, regularly packed chains 

Wool processing 
pipeline

Textiles and 
apparel

Used textiles 
(waste)

<1% closed-loop 
recycling

73% landfill, 
incineration

14% losses 
(collection, 
processing, 
production)

12% other 
recycling

Low-value 
nonwoven

High value new fibre feedstock, by the 
chemical method

CURRENTLY

Other textile 
processing 
pipeline



 

22 

of uniform length distribution [105]. The chains should be long enough for optimal 

interactions and packing between them, which increases with increased molecular weight, 

but after a maximum length cut-off the chains loop back and forth and break the regular 

packing pattern, limiting the possible fibre strength [84, 89]. In general, a polymer 

molecular weight of 10-50 kDa will produce good fibres, although diverse weights have 

been reported [106]. Overall, regenerated keratin fibres with high degree of molecular 

orientation, compared with the original wool, show similar moisture retention [75], and 

can have tensile strengths as high as 85% of the original [89]. Table 2.1 shows some of 

the desired properties for making filaments out of protein feedstock, and how these relate 

to keratin from wool. Many different methods of extracting keratin exist, as outlined in 

detail by Shavandi et al. [107], but the focus is on oxidative and reductive systems due to 

accessibility for this specific project. 

 

Table 2.1 Comparing desired properties for fibre production with those of wool keratin 

that can be extracted [66]. 

Property Optimum for 

fibre production 

Wool keratin 

Molecular weight 10-50 kDa Depends on extraction method, 

extracted keratin is generally on the low 

side within the range 10 – 50 kDa 

Molecular weight 

range 

Narrow Depends on extraction method 

Crystallinity Desired Present 

Cross-linking sites Desired Present (cysteine) 

Linear molecule 

hydrophobic 

groups 

Desired Present 

Raw material 

availability 

Reliable supply, 

reliable quality 

Depends on collection methods; textile 

waste wool has specific issues with 

separation of blends 

Environmental 

credentials 

Eco-friendly Diversion of material from 

landfill/incineration 

Biocompatibility Non-toxic Non-toxic, biodegradable, although 

blending with polymers has an impact 

  

2.4.3 Oxidative and reductive systems 

A suite of oxidative and reductive methods followed the first keratin extraction 

attempts by Kofmeier in 1905, which used lime on horn tissue [108]. Such systems use 

reagents that are mild enough to dissolve the protein without altering the protein 

backbone, thus preserving protein chain length [87]. The obtained protein-containing 
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solution can be blended with other polymeric solutions and then directly spun into 

filaments, or the protein can be precipitated out and blended with solid materials [72, 

104]. The most important chain interaction to disrupt is the disulfide cross-link, which 

can be done in a number of methods as detailed in Figure 2-14 [109]. The reduction 

system using sodium sulfide (Figure 2-14 Equation (1)) as used in this project is adapted 

from Poole, Church and Huson [66]. 

  

Figure 2 - 14 Equations for breaking disulfide bridge in keratin during extraction. 

 

Equilibrium reactions, as seen in Figure 2-14, are important in industry as they 

can be (easily) controlled and adjusted as desired, to maximise desired product yield 

whilst minimising waste (side-products) [110]. These can build up in the reaction 
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chamber [111]. Therefore, reduction and sulfitolysis are probably more easily applicable 

to industrial scale, as they both involve reversible cleavage of the disulfide bond, 

compared to oxidation and oxidative sulfitolysis which irreversibly produce the by-

products of cysteic acid and S-sulfonate ions respectively [111]. The reduction method in 

particular is also attractive because a variety of different reducing agents be used, and 

depending on how harsh they are, keratin of different molecular weights can be extracted, 

as harsh reagents cause more breakage of the backbone [76, 112]. It can therefore be 

adapted for different laboratories based on chemical access. For these methods to be 

economically viable, the reagents used should be inexpensive and abundant. Sodium 

sulfide fits these two categories well, compared to other reducing agents such as 2-

mercaptoethanol [66]. 

The reduction method includes a reducing agent and either a detergent, sodium 

hydroxide, urea, or a combination of these. The reagents present in the system each have 

a specific purpose in the dissolution process (Figure 2-15). Reducing agents, preferably 

in highly alkaline environments (generally above pH = 10.5) [113, 114], break the strong 

cysteine disulfide bond [90]. A patent from 1943 claims that any pH in the range 3 < pH 

< 13.5 works, and there should be a compromise between high alkalinity (favours 

reduction) and low temperatures (high temperatures cause keratin backbone breakdown) 

[89]. Both non-sulfide and sulfide reagents can be used as research does not conclusively 

prove that the latter would cause more backbone degradation [76]. The aforementioned 

patent suggests using temperatures ≤ 55 °C, but more recent methods use far higher 

temperatures (e.g. 80 °C [112]), and this project found that the latter work better (Chapter 

4 – Section 4.2).  
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Figure 2 - 15 Summary of interactions between keratin chains and how these can be 

broken down by different reagents, adapted from Lundgren et al. 1948 [90]. 

The electrostatic bonds, hydrogen bonds and salt linkages [90], are broken down 

by other reagents such as urea, sodium hydroxide and SDS (Figure 2-15). Comparably to 

older patents , more recent literature suggests similar optimum conditions for the system, 

for example sodium sulfide at 3 weight (wt) %, urea 7M, SDS 0.8 wt% in solution [72]. 

Urea disrupts the protein structure by swelling the keratin chains, allowing penetration of 

the reducing agent into the structure, and disrupts hydrogen- and hydrophobic- bonding 

[72, 115]. However, issues may arise as some literature suggests that ammonia can 

damage the keratin backbone and lead to shorter keratin chain extraction [112]. The 

sodium hydroxide adjusts the pH of the mixture, making it more alkaline, which makes 

the reduction process more efficient. It furthermore disrupts hydrogen bonding in a 

similar way to urea. Hydroxide anions can also to some extent favour the dissolution 

process because they can reduce the disulfide bonds to form dehydroalanine, 

perthiocysteine and water in a β-elimination type reaction [36, 72, 104, 111].  

Synthetic detergents, such as SDS, can be used to ‘gently’ denature the protein 

[75, 116], specifically by removing salt-bridge interactions (Figure 2-15). The detergent 

does so by forming an ionic bond between the charged protein side-chain and the charged 

(hydrophilic) end of the detergent molecule. It then arranges in a way that the detergent 

molecule’s long alkyl (hydrophobic) chains align and are held together by micelle-like 

forces (Figure 2-16). The detergent maintains the protein in an extended form, and has 

therefore been especially useful for ‘unravelling’ non-fibrous proteins for their use in 

fibre manufacture [75, 116]. 
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Figure 2 - 16 Representation of the detergent-bonded keratin chains in water, with the 

bold blue arrows showing that the reduced keratin chains, extended by SDS molecules, 

can now slide over each other in the water system. Adapted from Lundgren et al. 1948 

[90]. 

When disulfide cross-linking is useful again, such as in the formation of solid 

keratin based materials, SDS can be easily removed via a salt-exchange reaction (Figure 

2-17) [104, 111]. 

 

Figure 2 - 17 Removal of detergent from the keratin chain by a salt exchange reaction. 

Adapted from Lundgren et al. 1948 [90]. 

 

In all cases, through such chemical extraction different types of soluble keratin 

derivatives are formed, such as alkyl-derivative keratin, keratin with bisthioether cross-

linkages or a keratin derivative with organic groups substituted on all reactive groups 

present on the chains [89]. The addition of groups on the keratin chain prevents re-cross-

linking (Equation (1.3) in Figure 2-14) [66]. Poole, Lyons and Church [111] showed that 

extraction of feather keratin just by using sodium sulfide gives a lower keratin yield than 

a sodium sulfide/urea/SDS system by as much as 10 %. The extracted keratins were 

generally of low MW (approx. 10 kDa), although it is not sure whether this low weight is 

caused by the high pH (14), formation of ammonia from urea, or because sodium sulfide 

was too harsh as a reagent [111]. After careful removal of any undissolved wool via 

filtration methods, dialysis should be carried out to remove any unreacted reagents to 

obtain a purer dissolved keratin solution [72]. Keratin can be regenerated from the 

solution or blended directly (Section 2.5), because blending can impart useful mechanical 

properties to the extracted keratin which is in the β-sheet conformation (Section 2.2.1). 
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2.4.4 Other methods 

 Figure 2-18, adapted from Shavandi et al. [107], summarises the possible methods 

for keratin extraction, split into the categories of Chemical, Microbial and Enzymatic, and 

Physical. Note that they consider sulfitolysis as a subset of the reduction method. Several 

older papers refer to similar ways of dissolving keratin through the use of cuprammonium 

[91, 92], neutral solutions with alcohols [90], although these were not successful in this 

project (see Chapter 4 – Section 4.2), and different detergent systems [75, 116]. For this 

project, the highly specific equipment required for other methods could not be obtained, 

so these methods were not trialled [32] [107]. 

 

 

Figure 2 - 18 Summary of the different ways to extract keratin, adapted from Shavandi 

et al. [107]. 
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Ionic liquids (IL) and deep eutectic solvents (DES) have been extensively 

explored because they help conserve the original protein structure during extraction [32]. 

They are generally considered to have low environmental and economic impact because 

they can be easily removed from the reaction and recycled [117, 118]. ILs are salts with 

low melting points, usually composed of alkyl ammonium cations, complex anions, and 

carboxylates of various chain lengths. They have high volatility, thermal stability, 

inertness over a range of electrode potentials, and high conductivity, so are especially 

useful in the fields of electro- and organic chemistry [119]. DES are relatively similar to 

ILs. They are low transition temperature mixtures composed of hydrogen bond donor and 

acceptor counterparts [32]. 

ILs dissolve keratins by disrupting the inter-chain interactions. Butyl-3-

methylimidazolium chloride ([BMIM+Cl-]) is an IL that has been used to dissolve wool 

keratin [120]. The wool fibre surface is composed on a lipid layer, mainly the branched 

lipid 18-methyl-eicosaoic acid (18-MEA), which is bonded via a thioester bond. 

Nucleophilic cleavage of this bond removes this hydrophobic layer and therefore allows 

penetration of the IL into the rest of the wool structure (Figure 2-19) [121].  

 

 

Figure 2 - 19 Mechanism of attack of a nucleophile (Nu-) on the thioester bond of wool-

surface-bonded 18-MEA . 

 

The IL ions mainly disrupt the hydrogen bonding by associating to the hydrogens 

and oxygens involved [122], replacing these bonds with strong(er), keratin side chain-IL 

ionic bonds [123]. A combined effect of the anion and cation on the different bonding 

breaks the structure apart [107, 124]. The identity of the IL anion and cation are extremely 

important in understanding its dissolving abilities [125]. Further optimisation of IL-based 

methods involves ultrasonic treatment and co-solvent use [126]. 

Similarly to keratin extraction by other methods, the keratin can subsequently be 

precipitated out using an antisolvent such as water, which influences the effectiveness of 

dissolution, or the IL solution can be directly cast or blended with other solutions [64, 

118, 120, 123, 127]. Research shows that using ILs to extract proteins ensures that the 

molecules are intact and generally not heavily degraded in the process [15, 64, 120]. 
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Later, blending the keratin-IL solution with compatible polymers helps confer some 

mechanical stability to the final product, allowing it for use in specific industries, (Section 

2.5.2). For example, applications of cellulose-keratin-IL blends were identified in animal 

feed additives, neatening reagents for wool or leather. Furthermore, fibres could be 

directly spun from this solution showing future possibility in textile applications [120]. 

Solvent casting of the solution has also been used to prepare moulded shapes (Figure 2-

20) [123]. Most of the IL-extracted material is of β-character, but there has been some 

research into imidazolium ILs with phosphonium ions which are able to ‘preserve’ the α-

helix structure of wool keratin during extraction, with possible fibre-spinning application 

of the IL solution [128]. On the downside, ILs are fairly expensive [15, 123]. Dissolution 

can be improved with the addition of inexpensive reducing agents, making the process 

less costly and therefore more attractive for industrial applications [104]. DESs dissolve 

wool similarly to ILs, but are considered unfavourable because they generally give 

disordered structures [129] and keratins of low molecular weights [130, 131]. 

 

 

Figure 2 - 20 Shapes prepared from solution of dissolved feather (keratin) in 

[DMEA][HCOO] ionic liquid [123]. 

 

 Steam explosion is a good alternative that avoids chemical treatment. This 

(physical) process involves treating keratin sources with an ‘instant’ discharge of steam, 

which breaks the disulfide linkages without changing the wool keratin structure [132]. 

Optimisation of the method includes high temperatures which force the steam into the 

material composition, followed by explosive decompression [133, 134]. It has been used 

in combination with alkali treatment to more effectively break apart the disulfide bonds, 

but generally this method yields low amounts of keratin because of high fragmentation of 

the keratin chains and loss of order in the structure [32, 135].  
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2.5 Resultant keratin solution manipulation 

2.5.1 Keratin regeneration 

 

Wool keratin has an isoelectric point of around pH 4.8, below which the protein 

precipitates [136]. This can be achieved by pouring the keratin solution into excess acid 

at pH ≤ 4.8 [89]. Other methods suggest using acetone [90] or alcohols [64, 120, 123]. 

The precipitate are subsequently be isolated by centrifuge, vacuum filtering and drying 

[89]. It is then purified and redissolved into the previously utilised reducing solution to 

produce a gel, which can be (artificially) aged and then extruded into fibres via wet-

spinning (Section 2.6). Alternatively, the precipitate can be condensed into a 

thermosetting plastic for extrusion via wet spinning [89]. The processing conditions such 

as coagulation and hardening baths, and post-processing (e.g. cross-linking) can be 

optimised based on the desired fibre properties [76]. For keratin-detergent solutions, the 

detergent is largely removed by salt exchange reactions during wet-spinning into a 

coagulation bath (Section 2.6.2). The fibres can then be mechanically stretched to obtain 

adequate alignment of the protein chains to form more mechanically useful filaments.  

 

2.5.2 Blending 

Polymer blends are dictated by blend formations (physical blending) or copolymer 

formations (chemical blending) based on the interactions between polymer functional 

groups [32, 137]. Most recent research recognises that regenerated keratin is too brittle to 

form a fibre by itself. Blending is the easiest and most economically viable method of 

adjusting the properties of a polymeric system [32]. Examples of polymers that have been 

blended with keratin from different sources are given in Figure 2-21, adapted from 

Donato and Mija, 2019 [32]. In Figure 2-21, a β-chain silk-fibroin-like structure is given 

with suggestions of the presence of alanine, serine and tyrosine residues, proposed in 

literature for Bombyx mori silk [138], but this does not aim to give a full depiction of silk. 

Because polymer miscibility depends on their forms and any additional post-processing 

such as cross-linking, polymer blends tend to have properties that differ from the 

constituting polymers [137]. Cross-linking within the keratin-polymer structure confers 

mechanical stability to the blend [139, 140] (Section 2.6.3).  
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Figure 2 - 21 Some examples of polymers that can be blended with keratin with their 

functionalities evidenced, based on work by Donato and Mija [32]. Details of structures 

of polyacrylates are from BYK [141], and of chitin/chitosan from Islam et al. [142]. 

These polymers are further referenced in Table 2.2. PEO = polyethylene oxide (same as 

polyethylene glycol (PEG)); PVOH = polyvinyl alcohol; PAM = polyacrylamide; PAN 

= polyacrylonitrile; PA6 = Polyamide 6 (nylon); PBS = polybutylene succinate. 

  

A wide variety of materials can be blended with keratin, including fibre-forming 

polymers [32]. When regenerated fibres were being made in the 1940s-1960s, it was often 

suggested to blend regenerated keratin with casein regenerated from milk to create new 

fibres with increased tenacity (strength). This was proposed as an economically viable 

route for the otherwise low extraction efficiency of wool keratin, and the blend formed 

would be compatible with the already established casein processing equipment [76, 91]. 

The concept of using waste-derived keratins in association with other polymer networks 

has gained increasing interest in the last 20 years (Figure 2-22), probably because the 

detrimental environmental impacts of the polymer industry are becoming more important 

considerations in manufacturing and the addition of waste-derived materials can help 

mitigate this [32].  
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Figure 2 - 22 Number of publications on the topic of keratin association in recent years. 

Reproduced from Donato and Mija [32]. The results are from Web of Science (WOS) 

on 1st of August 2019 using the criteria: Topic (keratin association) or (keratin blend) or 

(keratin composite) or (keratin polymer). Refined by the WOS categories: 

nanotechnology, materials, polymer, chemical, physical sciences. 

 

Figure 2-23 shows the range of topics that were covered within keratin association 

publications (Figure 2-22), and Figure 2-24 shows how the number of publications 

changed in the Material Science Textiles field. No publications in the range 1955-1965 

could be in part caused by the a lack of interest in the field of regenerated keratin textiles 

as regenerated fibres were displaced by synthetics around that time [86]. 

 

 

Figure 2 - 23 Categories covered when searching WOS on 27th of July 2021 using the 

criteria: Topic (keratin association*) or (keratin blend*) or (keratin composit*) or 

(keratin polymer*) and fibr* or fiber* and text*. 
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Figure 2 - 24 Publications per year using same criteria as Figure 2-22, refined by WOS 

category Materials Science Textiles [85]. 

 

Both keratin and cortical cells can be blended with polymers and mixed with other 

materials to obtain products with finely tuned properties. Regardless of how it is 

extracted, the keratin can be mixed with a variety of polymers, including cellulose [14, 

120], nylon [18], poly(vinyl alcohol) [72, 143-145], poly(ethylene oxide) [146, 147], 

poly(acrylonitrile) [118] and poly(butylene succinate) [140], and others. Keratin can be 

electrospun by itself [139], but having a polymer aid confers more useful mechanical 

properties to the fibre [140]. Keratin re-cross-links readily in air to form solution cast 

films, or can be reacted with a cross-linking agent to achieve specific tensile strength and 

breaking elongation [111]. It can also be used to create composite materials by cross-

linking it by itself [148], or with casein and soy protein isolate in collagen films [149]. 

Furthermore, it has been mixed with plasticisers to create nanocomposite materials [150, 

151]. Besides solvent casting and spinning, other techniques for processing keratin have 

been suggested, such as 3D printing complex nanostructures, where keratin protein 

induces structural metastability useful for engineering long-range molecular order smart 

materials [152, 153]. A summary is given in Table 2.2, adapted from Donato and Mija, 

2019 [32]. 
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Table 2.2 Synthetic and natural polymers, or similar, that have been blended with 

keratin and identified for fibre applications. 

Key: Keratin sources: W = wool, H = hair, F = feathers; Preparation method: ES = electrospinning, GC = graft 

copolymerization, WS = wet-spinning, CS = cross-linking; For explanation of polymer codes, see Figure 2-21; 

Polymethyl-methacrylate (PMMA), hydroxyethyl methacrylate (HEMA), benzyl methacrylate (PBzMA) are types of 

polyacrylates. H-HPC is highly-substituted hydroxypropyl cellulose. * for details of additives see corresponding 

reference. 

 

  

 Associated 

Polymer 

Keratin 

Source 

Keratin 

(wt%) 

Additive(s)* Prep. 

Method 

Ref 

S
Y

N
T

H
E

T
IC

 
PEO W 10-70 - ES [154] 

100-70 - ES [146] 

5-10 - ES [147] 

H 90 EGDE ES [155] 

PMMA W - - GC [156, 

157] 

HEMA W - - GC [158] 

PBzMA W - - GC [159] 

PAM W - - GC [160] 

PAN W ~10 ILs ES [118] 

PA6 W - - ES [16] 

PBS W 15 HFIP ES [140] 

PVOH W 10-30 - WS [161] 

5-25 - WS [72] 

12 - ES [143] 

F 20 Citric acid/ glyoxal ES [162] 

12 PEO ES [144] 

10-30 Citric acid ES [145] 

H 92 β-mercapto-

ethanol/ IL/ 

thioglycolic acid 

ES [163] 

N
A

T
U

R
A

L
 O

R
 S

IM
IL

A
R

 

Wood cellulose  F 10-17 ILs WS [164] 

Cotton 

cellulose 

F 5-20 ILs WS [165] 

Other cellulose 

(unspecified) 

W 10 ILs WS [120] 

Chitosan  W 5-15 PCL/ PEO ES [166] 

Alginate F 0.9-2.27 - WS [21] 

Silk fibroin W 0.7-2.36 PVF/ cotton CS [167] 

H-HPC  W ≤ 90 - WS, CS [112] 

Alkali 

biomodified 

cellulose 

F 0-2.6 - WS [14] 
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Extensive tables outlining different products that can be made from keratin with 

associated polymers, identified for fibre (not always textile) manufacture have been 

prepared by Donato and Mija [32]. Table 2.2 uses this data together with other sources to 

outline the fibre-related products that can be made from keratin. Furthermore, polyamide 

6 (nylon), poly(lactic acid) and several types of polyurethane have been blended with 

keratin to create new materials. These three components are important for the textiles 

industry: polyamides are already as textile fibres [168], poly(lactic acid), currently used 

for minimal fibre applications, could advance into new industries such as biodegradable 

fabrics [169], and polyurethane is used to make synthetic leather [170].  

 

2.6 Techniques for making keratin-based materials 

2.6.1 Casting 

 

Mixing with a polymer matrix, dissolving in a solution or adding plasticisers allows 

keratin films to be cast via solvent casting to produce useful materials [64, 81, 123, 149, 

151]. This technique has been used to make membranes [120, 171], edible coatings [172], 

and packaging, agricultural and other films. Different techniques of blending, cross-

linking and other treatments allow films with finely tuned properties to be created [17, 

151]. This includes composite films with nano clay, which improves the mechanical 

properties of films for use in food packaging [150]. Specifically, enzymatic cross-linking 

of keratin on collagen fibres has been successfully used in high-performance food 

packaging [149]. 

Solvent casting is the oldest technology for plastic film manufacturing. In the past, it 

was especially important for making displays and photographic film. In order to be 

solvent cast, the polymer must be soluble in a volatile solvent or water, form a stable 

solution with said solvent with minimum solid content, form a homogeneous film, and 

release from the casting support easily. On a large scale, the process involves preparing 

the dope solution by dissolving the polymer, then casting by pumping the solution through 

heat exchangers into a ‘spreader’ which distributes the mixture homogeneously, and 

drying to obtain optimal film result, with solvent recovery at the end, as seen in Figure 2-

25 [173]. On a lab scale, this is performed by pouring solution onto a surface and letting 

the solvent evaporate in specified conditions, such as in the fume hood, overnight 

(Chapter 3 – Section 3.8). Advantages include low cost, short preparation time and easy 

variation of reaction conditions, but the resulting film often has poor mechanical strength, 
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and the use of toxic solvents can be a problem based on application, especially if the film 

is to be used in the biomedical field [145, 174].  

 

 

Figure 2 - 25 Diagram showing the production of solvent cast films [173]. 
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2.6.2 Filament (fibre) spinning processes 

Wet Spinning 

 

For keratin to be used in textile applications, the most relevant technique is wet-

spinning of the solution. This can be carried out on different scales (Figure 2-26).  

 

Figure 2 - 26 Schematic diagram of the wet-spinning process on an a) industrial scale 

and b) lab scale, based on Puppi and Chiellini [175]. 

    

The solution is pumped through a spinneret into a coagulating bath containing a non-

solvent, wherein the non-solvent removes the solvent resulting in a solidified filament. 

The polymer is then drawn off as continuous filaments using a collector, such as a roller 

[175]. From a physicochemical perspective, the polymer is dissolved into a solvent 

without polymer degradation, followed by filament extrusion into a nonsolvent [176], 

which allows coagulation of the extruded filament. The extruded filament solidifies 

because of solvent/non-solvent exchange that leads to the separation of the initial 

thermodynamically stable solution into two phases with different composition. Therefore, 

both thermodynamics and coagulation kinetics affect the final morphology of the wet-

spun fibre [175]. The wet-spinning process is adaptable to different scales (Figure 2-26), 

and on an industrial scale a multiple-hole spinneret is used so that a number of continuous 

coagulating filaments are extruded continuously at the same time. Furthermore, post-

processed occurs by passing it through baths in series, before winding up on a roller. Dry 

jet or air gap wet-spinning involves extrusion through a small air gap before polymer 

reaches coagulation bath and then similar collection of the filament [175].  

a)

b)
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The optimal conditions for drawing out a filament need to be considered on a case-

by-case basis. Generally, solutions that are too ‘slimy’ do not form useful filaments. For 

a keratin/detergent solution (chicken feather keratin/alkyl-benzenesulfonate) it has been 

shown that protein should make up 40 – 60 % of the protein/detergent mixture [75]. The 

process is preferred for polymers that are not stable for other spinning conditions as it is 

considered gentler. In industry, it is often used for cuprammonium rayon, acrylic, nylon, 

and spandex fibres [175, 176]. Wet-spinning has been widely used for biomedical 

applications for both single fibre and three-dimensional scaffold manufacture, especially 

using computer-aided wet-spinning techniques. A selection of the materials that can be 

produced using such technique is seen in Figures 2-27 and 2-28. As this process is already 

established for man-made synthetic fibres, it could be employed for making keratin fibres 

for wearable textile products, with additional post-processing such as cross-linking 

imparting additional favourable properties to the obtained material [112].  

 

 

Figure 2 - 27 A range of structures made with computer-aided wet-spinning processes; 

SEM photographs (h) and (i) show the arrangement of filaments; photographs (e), (c) 

and (g) show the complex structures that can be formed [175]. 
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Figure 2 - 28 Regenerated wool keratin fibres from waste wool, blended with highly 

substituted hydroxypropyl cellulose, wet-spun and then cross-linked with 

glutaraldehyde and 4,4′-methylenebis-(phenyl isocyanate) [112]. 

   

Electrospinning 

 

The electrospinning technique has been considered as a viable fibre spinning method 

since the 1930s [177], particularly useful for creating ultrafine polymer fibres. The 

process uses a dope solution which is extruded (drawn) through a cone due to electrostatic 

interactions between the dope solution, spinneret cone and the collector (Figure 2-29) 

[147, 174, 178]. A high level of optimisation renders the technique useful for highly 

specific mat fabrication for biomedicine [174], and filtration for protective clothing [19].  

 
Figure 2 - 29 Electrospinning process: a polymer solution extruded due to the difference 

in voltage between the needle (spinneret) and the collector (plate or rotating collector). 

Based on Wahid et al. [174] and Chinnappan et al. [179]. 

Natural polymers are generally less suitable for electrospinning as compared to 

synthetic polymers. This is because natural polymers can be subject to changes (e.g. they 

can denature) in response to the conditions used. Furthermore, they are polyelectrolytic 

materials, meaning that they have ionisable groups on them [180], which increases the 
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charge carrying capacity of the electrospinning jet. This produces more tension with the 

applied electrical field during the spinning process, leading to less successful fibre 

forming ability [178]. Some natural polymers, particularly in combination with 

synthetics, have been successfully electrospun for a variety of applications including 

keratin blends, which was previously referenced in Table 2.2 [178]. Nanofibrous mats, 

usually made by electrospinning due to the ability to fine tune the fibre arrangement, are 

especially important in tissue engineering [145]. 

The mechanical properties of electrospun nanofibers are often less satisfactory than 

those produced by other spinning techniques because of low degrees of molecular 

orientation caused during extrusion of as-spun fibres [181]. Such unsatisfactory 

performance is also caused as relaxation times of flexible chain polymers tend to be short, 

so any orientation induced during spinning is quickly lost before solidification. 

Furthermore, it is difficult to obtain well-extended chains during the electrospinning 

process [182]. As aforementioned, high levels of chain orientation and order are important 

in fibre formation (Section 2.4.2). Techniques such as post-drawing in the solid state 

could in theory increase chain orientation and extension, but there is limited research on 

doing this on single nanofibers as it is technologically difficult, so most studies are instead 

carried out on mats or bundles [182]. Electrospun fibres are therefore often limited to high 

performance specialist materials [181]. Some electrospun polymers do have possibilities 

for wearable applications, such as in the field of wearable electronics [179], showing that 

there is a possibility to use electrospinning to create wearable textiles with some 

materials. 

 

Melt Spinning 

 

 Melt spinning of polymers is a widely used technique, particularly for synthetic 

polymers [183] (Figure 2-30). It involves directing a solid polymer towards a heat system. 

This melts the polymer to form a dope solution which is then extruded through a spinneret 

and quenched with cold air. This solidifies the polymer to form a filament, which can 

subsequently be collected on a wind-up roller, and then subjected to mechanical drawing. 

Mechanical drawing of the filament increases the alignment of polymer chains along the 

filament axis, imparting more favourable physical and mechanical qualities as 

aforementioned [184]. It often also involves redox reagents and large amounts of 

plasticisers [16], which can be environmentally detrimental. 
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Figure 2 - 30 Melt-spinning diagram (simplified), based on Ziabicki and Jiarecki [184]. 

 

Limitations of the technique include machinery-influenced restrictions, such as 

spinning speed and filament thickness, and the polymer limitations, such as polymer melt 

homogeneity and stability. Furthermore, viscoelastic effects in the polymer melt may lead 

to filament breaks and the formation of irregular filaments [184]. Keratins are classed as 

viscoelastic polymers [48], and heterogeneous blends are likely within polymer systems 

because they are immiscible [32]. Therefore keratin, especially when somewhat altered 

by extraction and regeneration, is probably not compatible with melt-spinning. In this 

project, there was an opportunity to work with bio-based biodegradable polyester, 

poly(butylene succinate) (PBS) (see Chapter 3 – Section 3.8). This material has a melting 

point of 115 °C [185], whilst that of α-keratin is around 200 °C [186, 187], and has 

previously been combined with keratin using a fluoro-alcohol solvent and subsequently 

electrospun to make mats for drug delivery and cell culture [140]. Because this fluoro-

alcohol solvent method did not work in the lab (Chapter 4 – Sections 4.3 and 4.4), melt-

spinning the two polymers was briefly considered. This was difficult to set up on a lab 

scale, and the melt-spinning apparatus was not accessible (Chapter 1 – Section 1.5) but 

could be explored in future work.  

2.6.3 Post-processing 

 

Techniques such as hardening or cross-linking help optimise spun filament 

properties. Reduced keratin contains free thiol groups so it cross-links spontaneously in 

air to itself via disulfide bridges [139], and it can be cross-linked at other side-chain 
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moieties using different reagents. This is important because cross-linking between the 

keratin chains and/or to other materials can improve the tensile strength (toughness, 

tenacity) of fibres [66, 111, 112, 149]. This is due to the increased in bonding between 

the chains, and breaking apart a large number of bonds is generally thermodynamically 

unfavourable [112]. For example, increasing the number of hydrogen bonds between 

cellulose and keratin via cross-linking makes the material tougher [188-190]. This is 

useful because regenerated wool keratin has predominantly β-keratin character which is 

not mechanically useful, and therefore further alteration is required to obtain useful fibre 

qualities [104]. Optimised tensile strength, breaking elongation and more specifically wet 

strength are ameliorated via cross-linking [66]. Methods from the 1940s have produced 

good dry strength fibres (> 3 g/den) but wet strength as much as 60% lower than this [66, 

191].  

Recently, Cao et al. [112] investigated the blending and cross-linking, wool-derived 

keratin (reduction method) blended with hydroxypropyl cellulose (H-HPC). It was then 

spun via a wet-spinning method and cross-linked with glutaraldehyde (GA) and 

subsequently with 4,4′-methylenebis- (phenyl isocyanate) (MDI). Filaments containing 

10 wt% H-HPC as-spun, had a tensile strength of around 0.7 g/den. Cross-linking with 

just GA offered only some increase in tenacity, but also cross-linking with MDI imparted 

a favourable tenacity of around 1.04 g/den. The effect of different cross-linking on the 

filament structures is seen in Figure 2-31. The process imparts a favourable tensile 

strength within the range of the minimum application requirement of wool fibres in the 

industry [112] (see Section 2.7.3). GA and MDI are materials that have been used in the 

cross-linking of numerous regenerated protein fibres [112, 192, 193], with the GA 

forming a link between NH2 amino acid side chains of the keratin chains, and the MDI 

forming a link between hydroxyl groups present on the keratin chains and the polymer 

[194] (Figure 2-31).  
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Figure 2 - 31 Cross-linking of keratin blended with H-HPC, using with GA (forms the 

brown cross-link) and MDI (forms the purple cross-link) [112]. 

 

During the process, Schiff base and carbamate structures are formed, but these are 

commonly found in biomaterials, have numerous applications in different industries and 

can be considered safe [112, 195-197]. The general structures of Schiff bases (imines) 

and carbamates are seen in Figure 2-32 [198]. 

 

 

 

Figure 2 - 32 General structures of a) Schiff base and b) carbamate. 
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As a summary, Figure 2-33 shows the forms of keratin in each step of the processes 

outlined thus far. 

 

Figure 2 - 33 Summary of keratin forms discussed at different stages of the process. 

 

2.7 End uses and quality requirements 

2.7.1 Non-textile industries  

 

Both peptides and keratin extracted from wool have been used in the health and 

beauty industry. In fact, over 50% of the global keratin market is in personal care and 

cosmetic products, for which there is a growing demand [24-27]. Keratins have been 

identified as possible materials for blending with other polymers to create a variety of 

packaging materials in different industries, including the polyamide plastics industry [15-

17] . Within the field of biomedicine, there has recently been an increase in research into 

keratinaceous materials due to the protein’s high immunity, biocompatibility, and easy 

biodegradation within the body [104]. These materials are used in tissue scaffolding, drug 

delivery, wound healing, hygiene textiles, medical textiles and other similar applications 

[11, 12]. Both hygiene and medical textiles are an important growing sector [13]. Keratin 

has also been used for composite reinforcement [23], including within polymers, bio 

composites with cellulose and alginate for hygienic fabrics, low-load bearing composites 

for panelling and furniture applications [14, 20-22]. This is particularly important for 

cellulose composites for making hygienic fabrics, as the addition of keratin imparts higher 

sorption, hygroscopicity, smaller wetting angle, with the added benefit of better 

biodegradability to cellulose fibres [14].  

2.7.2 Fabric finishing solutions  

 

Keratin powder or keratin-derived peptides can be used to treat textiles to achieve 

specific finishes on fabrics, in a more environmentally-friendly way than other chemicals 
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on the market [199]. Importantly, Du, Ji and Yan [200] found that using recycled keratin 

polypeptides works well to obtain anti-felting effects, proving that this could be a viable 

way to utilise keratin wastes. Keratin-derived materials are cross-linked to the fabric [200-

202] and can be combined with nanoparticle application, which can impart antimicrobial 

properties to the material [202, 203]. Such materials are particularly important now 

considering the issues of obtaining effective clinical equipment during the Covid 

emergency [204]. The fabric properties seen are anti-felting and anti-static, whilst 

simultaneously increasing fabric strength [8, 104, 199], handle, softness and dyeability 

[200, 205, 206]. This is because keratin treatment introduces more polar groups on the 

surface of the fibre, increasing its hydrophilicity, and therefore influencing the dyeability 

and anti-static properties of the material [199]. Some research on keratin treatment on 

wool cotton, cellulose acetate and polyester fabric has shown an increase in dye uptake, 

probably because the addition of hydrophilic groups promotes dye absorption and 

dispersion in the initial stages of dyeing [205]. In one study, adding keratin to wool 

increased fabric strength because of the added microbial transglutaminase enzyme 

treatment which probably improved fabric strength due to the extensive cross-linking it 

provides both within the keratin and with the wool fabric [202].  

 

2.7.3 Regenerated keratin fibres compared to other textile fibres  

 

The technical and commercial success of regenerated keratin fibres can be 

explored when comparing such materials to other fibres on the market [66]. A suggestion 

is summarised in Table 2.3.  

 

Table 2.3 A list of properties and required values to make technically and commercially 

successful textile fibres [66]. 

Property Requirement for textile fibre to be commercially 

successful 

Tensile strength ~ 5 g/den (0.5448 cN/Tex), although this is variable 

Elongation at break > 10 % 

Reversible elongation In the range up to 5% strain 

Modulus of elasticity 30-60 g/den 

Conditioned, and not dropping too much in the wet 

Moisture absorption 2-5% 
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How these requirements are met by some regenerated, natural and synthetic fibres 

can be seen in Table 2.4, reproduced from Poole, Church and Huson [66].  

 

Table 2.4 Physical properties of commercial regenerated protein fibres compares to 

natural and synthetic fibres, reproduced from Poole, Church and Huson [66] 

 

Fibre 

dry wet 

Tenacity 

(g/den) 

Initial 

modulus 

(g/den) 

Breaking 

extension 

(%) 

Tenacity 

(g 

/denier) 

Initial 

modulus 

(g/den) 

Breaking 

extension 

(%) 

Fibrolane 

(casein) 

1.1 40 63 0.35 2 60 

Ardil (peanut) 0.8-1.0 30 10-110 0.3 0.5 90 

Vicara (zein) 1.0 50 28 0.6 15 28 

Soybean 

(Drackett Co.) 

0.6 40 40 0.12 4 40 

Wool, merino 1.6 25 43 1.1 10 57 

Cotton 3.6 30 9 4.0 10 10 

Silk (Bombyx 

mori) 

3.7 120 16 3.4 30 26 

Polyester 

(Terylene 45/24) 

5.3 120 15 5.3 15 120 

Nylon 6 (Grilon 

30/7) 

5.4 19 31 4.7 19 26 

Poly-propylene 

(Ulstron) 

7.4 80 17 7.4 80 17 

 

Commercial success of a fibre is also dictated by other properties, such as (1) 

dyeability, comfort, easy care, abrasion resistance; (2) resistance to dissolution and strong 

swelling in water and moderately strong acids, alkalis and basic solvents up to 

temperatures of 100 °C; and (3) no tendency to catch fire or support combustion [66]. 

Methods from the 1940s have produced good dry strength regenerated fibres (> 3 g/den) 

but these had wet strength as much as 60% lower than this [66, 191], although cross-

linking eventually helped increase these values. In one case, regenerated wool–cellulose 

filaments, when containing 90 wt% keratin, showed properties similar to those of original 

wool [112]. Regenerated wool fibres should be compared to these properties to 

understand their viability on the market and possibly future applications. 
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2.7.4 Regenerated fibres eco-friendly qualifications  

 

 

There is no one definition for ‘eco-friendly’ fibres. Therefore, the description from 

Poole, Church and Huson [66] is used. Herein, something is considered a viable eco-

friendly material when it is: (1) made from renewable raw materials or existing waste; (2) 

produced using an environmentally friendly and economically viable process; and (3) has 

a targeted end-of-life biodegradability or recycling capability [66]. Regenerated wool 

fibres could be made from agricultural waste or post-consumer waste diverted from 

landfill. For example, this could be pre-consumer wool waste that cannot be mechanically 

recycled, or post-consumer wool waste from textile materials such as discarded clothing. 

Problems arise with improper disposal (roadside dumping) or landfill and incineration of 

important amounts of non-textile keratin waste, such as from the poultry industry [207, 

208]. The keratin-based fibres should furthermore be produced using eco-friendly 

reagents as part of the dissolution and regeneration process. Targeted recyclability and/or 

biodegradability of the produced fibres will be dictated by both the keratin itself and the 

polymer it is blended with. Keratins do not readily degrade, and they are not soluble in 

water or organic solvents [209]. However, many relevant microorganisms exist [209], 

and the degradation products of peptides and amino acids [210] can prove useful in other 

industries [211]. Therefore, by this definition, there are opportunities for such fibres to be 

made as eco-friendly products, but the specifics will vary on a case-by-case basis as each 

of these factors is considered.  

Unfortunately, the poor processing and post-processed mechanical characteristics of 

keratin based materials mean that they are unlikely to replace the ‘commodity’ fossil-fuel 

based polymers that dominate the current polymer market [11]. Melt-processing requires 

redox reagents and large amounts of plasticisers [16], which can have detrimental 

environmental impacts, whilst additive-less production generally requires high pressures 

and temperatures [212], which is difficult to achieve sustainably. Therefore, blending 

with polymers is one of the more feasible options, as it allows preservation of keratin’s 

‘biological activity’ and obtains the mechanical characteristics of the blended polymer 

which can be synthetic or natural [32]. The post-processing techniques used such as cross-

linking prove to be essential to make usable regenerated protein filaments (Section 2.7.3), 

and in this case the Schiff base and carbamate structures formed during GA and MDI 

cross linking are considered safe [112, 195-197], although the GA and MDI themselves 

could be replaced with less harmful alternatives. For example, enzyme catalysed cross-
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linking could be explored, as it has already been used in many industries including wool 

cross-linking [213-215].  

2.8 Overview and conclusions from literature review 

 

Moving away from the overwhelmingly synthetic fibre industry will prove 

beneficial in alleviating some of the many negative environmental impacts of the fashion 

industry. As presented in this literature review, the process of chemically regenerating 

proteins could be applied to a variety of protein wastes. This is including some low-value 

wool (textile) waste that cannot be recycled mechanically and would otherwise be 

landfilled or incinerated.  

The chemical understanding of the keratin protein, the major weight component 

of wool, gives information on how chemical dissolution and subsequently regeneration 

can be achieved. The reduction dissolution process using a detergent is an easily 

accessible method based on the laboratory conditions and the chemical access. It is an old 

method that has already been used to make regenerated protein fibres in the 1940s, when 

it was unsuccessful due to issues with wet-strength of the fibre and concomitant 

infrastructure for the collection of raw materials (keratin wastes). Modern methods of 

cross-linking and more developed industrial systems have largely removed these issues. 

Furthermore, it is an important method to explore due to its ability to be altered to 

different requirements and scales. A lab-scale method could therefore give information 

on the physical feasibility of the process, and industrial-level application could then be 

hypothesized based on the results.  

The (lab-scale) wet-spinning fibre manufacturing process can be used to 

manipulate the extracted solution, in blends with polymers. It is important to note that 

due to the poor mechanical properties of regenerated wool keratin, blending is required. 

Blends are common in the textiles industry, but this could cause additional issues of 

biodegradability of the material. This research project will therefore expand on the 

opportunities for chemical wool keratin recycling in the textiles industry, by combining 

old and new methods of reduction processes to dissolve wool, followed by hand-spinning 

of extracted keratin solutions with other polymers.  
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  Materials and Methods 

3.1 Introduction 

Based on the literature review, the reduction method was chosen for this research 

because the chemicals and equipment were accessible and generally low-cost. It was also 

beneficial that it was commonly featured in both old and present literature. The former 

shows that it is historically important, as it was considered in the context of 

commercialisation of a wool keratin derived fibre back when the field was active. Present 

literature shows a better chemical understanding of the process, as testing technologies 

have developed over time.  

This chapter gives (3.2) information of the waste wool material used, and 

subsequently outlines the project in the order in which steps were carried out: (3.3) dye 

removal, (3.4) Soxhlet scouring, (3.5) all wool dissolution methods, including a pilot 

study, (3.6) filtration and dialysis of the resultant solution, (3.7) regeneration of wool 

keratin, (3.8) blending with polymers and casting the solution to make films, (3.9) 

spinning and cross-linking to make filaments, (3.10) different analytical techniques used 

to analyse the materials, including FTIR, UV-Vis, SDS-PAGE, SEM and Instron. Figure 

3-1 shows a flow chart of the process for clarity; testing was carried out throughout and 

is therefore not in the flowchart.  

 

 

Figure 3 - 1 Flow chart of the method steps outlined in Chapter 3. 
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 In order to use and reference in other sections, a list of chemicals used in this 

project is as follows.  

(1) Dye removal: Dimethyl Sulfoxide (DMSO) (Rathburn, UK); Decrolin® (BASF, 

Canada) (also known under the registered trademarks Decroline, Decolin and 

Safolin, CAS 24887-06-7).  

(2) Soxhlet scouring: petroleum ether 40/60 (Rathburn, UK).  

(3) Wool dissolution methods: urea (Sigma-Aldrich); sodium sulfide (Na2S) (Sigma-

Aldrich, US); sodium n-dodecyl sulfate (SDS) (Alfa Aesar, UK); sodium 

hydroxide (NaOH) (97%, Lancaster, UK); sodium metabisulfite (Na2S2O5) (97%, 

Alfa Aesar, UK); wetting agent Synperonic BD100 and antifoam (pertaining to 

the ‘devoré printing protocol’ at the Heriot-Watt School of Textiles and Design 

laboratories); 1,4-dithiothreitol (DTT) (≥ 97% (Ellman’s reagent), oxidised form 

< 2.5%, Sigma-Aldrich, UK).  

(4) The SDS-PAGE protocol, carried out at the Heriot-Watt G24 Laboratory John 

Muir Building (Edinburgh, UK), used Sample Buffer (Laemmli 2x Concentrate, 

Sigma Aldrich); one well of the gel contained a pre-stained standard (Blue Plus2 

pre-stained Standard, Invitrogen). The running buffer was TGS buffer (10x 

Tris/Glycine/SDS, Bio-Rad) diluted in water (1:10); the staining buffer was a 

mixture of aluminium sulphate hydrate (5% w/v, Fisher), ethanol (10% v/v, 

Sigma), Coomassie Brilliant Blue G250 (0.02% w/v, Sigma), orthophosphoric 

acid (8% v/v, Fisher) in distilled water. De-staining solution contained ethanol 

(10% v/v), orthophosphoric acid (2% v/v) and distilled water.   

(5) Regeneration of keratin from solution: (glacial) acetic acid (analytical reagent 

grade; packing date 22/11/2016, Fisher Scientific, UK); acetone (Alfa Aesar, 

UK). 

(6) Blending with polymers: polyvinyl alcohol (PVOH) (MW = approx. 115 000, 

minimum degree of hydrolysis: 87%, BDH Limited, UK); 2-hydroxyethyl 

cellulose (HEC) (MW approx. 90 000, Aldrich Chemistry, Sigma-Aldrich, 

US); polybutylene succinate (PBS) (BioPBS FZ78TM, MCPP (part of Mitsubishi 

Chemical), Lot no. TNO EO5B); nylon 6 (nylon 6 pellets (polycaprolactam); 

polyamide 6 (PA6)) (Aldrich Chemistry, Sigma-Aldrich, US). Blending with PBS 

included (trial) dissolution in 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) (99+%, 

Alfa Aesar, UK) and with PA6 included formic acid (97%, Alfa Aesar, UK). The 

plasticiser glycerol (99+%, Alfa Aesar, UK) was also explored. 
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(7) Spinning: salt bath trials included magnesium sulfate (BDH Limited, UK 

); potassium bromide (Alfa Aesar, UK); ammonium sulphate ((NH4)2SO4) 

(purchased as > 95 wt%, Fisher Scientific, UK) which was used in a bath adjusted 

to pH = 4 with hydrochloric acid (37 wt%, Fisher Scientific, UK). Cross-linking 

procedures: glutaraldehyde (GA) (made using 50 wt% GA solution from Alfa 

Aesar, UK); 4,4′-methylenebis- (phenyl isocyanate) (MDI) (98 %, Merck (Sigma-

Aldrich), US). 

3.2 Wool material 

Commercial wool fabric offcuts (Figure 3-2) were obtained from Schofield Dyers 

and Finishers (Galashiels, UK). These samples were dyed with Bemacid E dyes, a class 

of acid levelling dyes, and a variety of levelling agents and other auxiliary chemicals were 

used in the dyeing process [52, 55]. Some paler shades were treated with a mild bleach to 

reduce yellow cast in the wool using Meropan Laso (stabiliser) and hydrogen peroxide 

(oxidiser). Additionally, all samples have been finished with Glauber’s salt (leveller), 

Biavin BPA (lubricant), Kollasol CDS (anti foam), formic acid (alternate pH), leveller 

CWL (levelling agent) at their facilities. As the wool was de-colourised and Soxhlet-

scoured, these chemicals should not have an impact on the wool dissolution process.  

 

Figure 3 - 2 Commercial wool samples (production waste) obtained from Schofield 

Dyers and Finishers (Galashiels, UK) (a) and close-up of the grey sample ‘G’ (b), used 

in all dissolution experiments. 

 

3.3 Dye removal protocol 

3.3.1 DMSO protocol trial 

 

The original grey wool, that was already Soxhlet scoured (6.07 g), was cut up into 

small rectangles (1 x 2.5 cm) and refluxed with dimethyl sulfoxide (DMSO) (200 ml,) for 

30 minutes at 90 °C. The wool was then removed via gravity filtration and washed with 

distilled water before leaving to dry in the back of the fume hood.  
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A yellow wool sample (8.7 g) was treated first by dye removal and then scouring via 

Soxhlet (for 4.5 hours (h) instead of 24), to see if the order of these actions had an 

influence on the wool.  

3.3.2 Decrolin protocol 

 

As an alternative to the DMSO dye removal protocol, the original wool samples were 

subjected to solutions of Decrolin® (also known under the registered trademarks 

Decroline, Decolin and Safolin, CAS 24887-06-7) [216], a reducing agent used in the 

Textile Printing workshops at Heriot-Watt University. The wool samples were submerged 

in individual vials containing Decrolin/water solutions with weight/volume (w/v) of 1%, 

4% and 40% (Decrolin in excess) for approx. 12 h. 

3.4 Soxhlet scouring protocol 

 

Scouring wool fibres removes any impurities left on the fibre. The wool was scoured 

via Soxhlet apparatus with petroleum ether 40/60 for 24 h.  

3.5 Choosing a wool dissolution method 

 

The availability of chemicals and equipment limited the selection of the dissolution 

method to several types of mixed systems (Table 3.1).  

Table 3.1 Types of systems trialled and the reagents present in each system, including 

notes on these systems were chosen. 

Type Reagents Present in the System 

I Urea, SDS, sodium sulfide (Na2S) 

II NaOH, SDS, reducing agent Na2S 

III SDS, reducing agent Na2S 

IV Methanol, sodium metabisulphite 

(Na2S2O5) 

V SDS, reducing agent 1,4-

dithiothreitol (DTT) 

 

Several papers and patents from the 1940s were analysed. Based on these, the 

conditions for wool dissolution were suggested as: 

• Reducing solution in range 3 < pH < 14.5 [89]; 

• Temperatures < 55 °C [89];  

• Synthetic detergents such as sodium (n-)dodecyl sulfate (SDS) [75, 116];  

• Reducing agent such as sodium sulfide [76].  
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More recent publications were used to support these claims and to get a more precise ratio 

of reagents in the solution. All similarly used some combination of reducing agent, 

sodium sulfide [72, 104, 146], (sodium) bisulfite [140, 147] or others [145, 151]; urea 

[72, 140, 147, 151]; and SDS [72, 104, 147] or similar [143]. Table 3.2 gives the sample 

codes relevant to each method type, which can be cross-referenced to the raw data files 

and the lab book. Specific details are given in Appendix A1. 

 

Table 3.2 Type of method and relevant sample codes. 

Type Relevant Sample Codes 

I W1, W4, W7, W3D13, W6D12, W12D14, W13 (and 

W13D15, W13D16), W14 

II W5, W8D9 

III W2, W3D13, W6D12, W12D14, W13 (and W13D15, 

W13D16), W14 

IV W9 

V W10 

 

3.5.1 Pilot study 

 

The pilot experiment, W1, used a Type I method as a starting point for a more 

optimised experimental plan. A 250 ml solution was made up with urea (30 wt%), sodium 

sulfide (Na2S) (2.4 wt%) and SDS (0.6 wt%) in distilled water. The pH was measured 

with pH paper to be in the range 13.5 – 14. A sample of DMSO-decolourised, Soxhlet-

scoured wool (15.5 g ‘wet’ weight because still saturated with DMSO) was added to this 

solution and stirred at 40 °C for 24 h. The solution turned from yellow to green over this 

time and the volume reduced to about one third of the original (Figure 3-3 a) and b)). The 

solution crystallised upon cooling into a thick slurry (‘sorbet-like’ consistency, Figure 3-

3 c) and was left overnight in the fridge before attempting to regenerate keratin. 
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Figure 3 - 3 a) Solution before stirring for 24 hour at 40 °C, showing the mass of wool 

being spun and slowly dissolving, b) solution after stirring, now reduced in volume and 

clear, as shown by the stirrer bar clearly visible and no undissolved wool remnants seen, 

c) slurry that formed upon cooling of solution seen in part b). 

3.5.2 Dissolution methods 

 The pilot method worked, so similar methods were employed afterwards (Type I – V 

from Table 3-1 and 3-2), with specific details given in Appendix A1. Type I and III 

methods involve a chemical reduction process using sodium sulfide and SDS detergent; 

urea was used in W1 and W4. Type II methods also employed reduction, but also used 

sodium hydroxide (NaOH) (97%) instead of urea as an auxiliary chemical. More 

information on the roles of individual chemicals is given in Chapter 2 – Section 2.4. Type 

IV method W9 used alcohol and a sulfitolysis reagent, sodium metabisulfite (Na2S2O5) 

(97%). However, the wool did not dissolve using this method, as discussed in Chapter 4 – 

Section 4.1.  

 There was also a short experiment carried out using a solution of sodium hydroxide (25 

ml), water (25 ml), wetting agent Synperonic BD100 (2.11 g) and antifoam (1.09 g) 

according to the ‘devoré printing protocol’ at the Heriot-Watt School of Textiles and Design 

laboratories. The solution was applied as drops to a decolourised and scoured wool sample, 

a fabric containing wool and cotton, a regenerated sample of keratin and an untreated (dyed) 

sample of wool. The samples were subjected to steam treatment at 102 °C for 20 min using 

Roaches Eng. LTD steamer (86 % humidity, Mc/No. 1862 94). The obtained sample could 

not be used for further work (Chapter 4 – Section 4.2).  

 Type V method W10 was adapted from Cao et al. [112]. It employed a reduction 

method, as Type I and II, but used reducing agent 1,4-dithiothreitol (DTT). It was not 

successful (See Chapter 4 Section 4.2). The temperature used was at first under 50 °C as 

suggested by the Evans patent [89], but subsequently changed to 80 °C as suggested by Cao 

et al. [112]. This was later changed to 80 °C for methods: (1) Type III: W2, W3D13, 

a) b) c)
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W6D12, W12D14, W13 (and W13D15, W13D16) and W14; (2) Type IV method W9; 

and (3) Type V method W10. Although over 24 h the pilot study did show that the wool 

dissolved, it seemed that the 80 °C method was more efficient, although the high 

temperatures could have led to some unwanted degradation of the keratin chains (Chapter 

4 – Section 4.2.2). 

3.6 Filtration and dialysis 

As suggested in literature [72], undissolved solids and unreacted material were 

removed via mesh filtration, centrifuge and dialysis. Mesh filtration involved passing the 

solution through a stainless-steel membrane (60 mesh). If left to stand, or if the solution 

was not stirred rapidly enough during the 24h dissolution process, the solution became 

‘gloopy’ and material clogged the mesh. Centrifugation (30 min at 1000 rpm) was carried 

out to remove any other suspended solids. Dialysis of the supernatant liquid (24 h 

minimum, using distilled water as the outer solution) was carried out using tubing with 

MWCO 12-14 kDa (Scientific Laboratory Supplies, Medicell Membranes Ltd, UK) or 6-

8 kDa (Spectra/Por ® 1 Dialysis Membrane, California, US). Dialysis with lower MWCO 

was attempted because the SDS-PAGE analysis of the solutions showed that below the 

MWCO of 12 kDA molecular weight keratins were present in solution (Chapter 4– 

Section 4.2). 

3.7 Regenerating wool keratin 

Wool keratin has an isoelectric point of around pH 4.8, below which the protein 

precipitates can then be isolated from the solution [136] (Chapter 2 – Section 2.5.1). This 

can be achieved by pouring the keratin solution into excess acid below that pH point [89]. 

Other methods suggest using acetone [90] or alcohols [64, 120, 123]. The precipitate can 

subsequently be isolated by centrifuge, vacuum filtering and drying [89]. 

The pilot study W1 gave a slurry. Upon heating, this turned into a low viscosity 

solution again (same as previously seen in Figure 3-3 b)). This was dialysed in deionised 

water (Pierce dialysis cassette, 2000 MWCO, 12-30 ml sample volume, approx. 24 h) but 

it cooled rapidly in the syringe and immediately became too viscous, so only approx. 2 

ml of this entered the cassette. The slurry consistency reformed upon cooling inside the 

cassette, but over time during dialysis, this turned this into a clear solution. 

A small amount of the warm solution was poured into excess water. It turned a 

translucent slightly green colour, and a cloudy region was formed in the middle. The 

solution was centrifuged (1500 rpm for 15 min). A green deposit was present at the 

bottom of the centrifuge tube. The clear supernatant liquid was taken up with a syringe 
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and dialysed in the same type of dialysis cassette, in deionised water for approximately 

24 h. Both cassette dialysis results gave similar solutions. Because some of the material 

re-dissolved after pouring into water, (glacial) acetic acid or acetone were used instead. 

Both acetic acid and acetone showed precipitation, but in the latter parts of this could 

redissolve over time. More observations on the regenerated material are given in Chapter 

4 Discussion – Section 4.1. 

 

3.8 Blending and casting films 

3.8.1 Polyvinyl alcohol (PVOH) and 2-hydroxyethyl cellulose (HEC) 

 

Keratin was blended with two separate polymers, PVOH (solution of 5 wt% in water) 

or HEC (solution 5:95 (w/w) in water). Blending consisted of stirring the solution rapidly 

for 2 h at room temperature, centrifuging to remove bubbles [112] (10 min 1000 rpm), 

and then resting for approx. 30 min before gently and evenly pouring over a glass slide 

surface. The films were left to air dry in the fume hood until hard enough to test via 

Instron but wet enough to be peeled off the casting surface as one continuous film, usually 

approx. 16 h.  

3.8.2 Blending with other polymers 

 

Further blending was attempted with two fibre-grade polymers, a biodegradable 

polyester called polybutylene succinate (PBS), and nylon 6 (polyamide 6 (PA6)). The 

latter was unsuccessful because the keratin precipitated out when added to the formic acid 

formic acid/PA6 solution, as this was below the isoelectronic point of keratin (see Chapter 

– Section 2.6,). Blending with PBS included dissolution in 1,1,1,3,3,3-Hexafluoro-2-

propanol (HFIP) and stirring with keratin solution or regenerated keratin that supposedly 

also dissolved in HFIP. The polymer seized up quickly after stirring, and regenerated 

keratin did not dissolve in HFIP, so a film could not be made (see Chapter 4 – Section 

4.3.2). 

There was also an attempt to blend and cast keratin-glycerol solutions. Blending was 

achieved by combining keratin solution with glycerol (50/50 v/v in water solution), 

stirring for a short while before sonicating for 10 seconds. Casting was unsuccessful as 

films did not form and instead a liquid solution remained (see Chapter 4 – Section 4.4). 

 



 

57 

3.9 Spinning 

 

The keratin may be kept in solution to be blended with other polymeric solutions 

and then spun directly. Extrusion of such into a salt bath achieves coagulation in the form 

of a filament, as described in Chapter 2 – Section 2.6.2. Examples have been given for 

specifically keratin or protein-based solutions in both patents from the 1940s and in 

modern works [91]. A diagram and a picture of the extrusion process used for this project 

can be seen in Figure 3-4. 

 

Figure 3 - 4 Lab-scale extrusion process carried out to form filaments: a) diagram of the 

set-up and b) close-up picture of the filament formed during the extrusion of 

PVOH:keratin 3:1 v/v solution, when the extrusion is paused, showing the syringe 

needle, the filament in the coagulation bath, and the wind-up roller. 

 

Regeneration using a salt bath was first attempted as part of the first trial, W1. The 

dialysed solution as extruded into a salt bath containing magnesium sulfate (1% w/w in 

water) bath or potassium bromide (1% w/w in water) bath. This was unsuccessful 

probably because the keratin content in the solution was very low (Chapter 4 – Section 

4.2). 

a)  

 b)   
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Extrusion as presented in Figure 3-4 was carried out as follows, based on Cao et al. 

[112]. Small amounts (approx. 2 ml) of the blended solutions were taken up into a syringe 

(10 ml, BD Syringe) with a flat-end needle with inner diameter 1.4 mm (therefore approx. 

17-gauge needle), 8.1 cm long, supplied by the Heriot-Watt University School of Textiles 

and Design. The syringe pump (Harvard Apparatus, US, model 22) was adjusted to give 

an approx. 45° angle of the needle into the coagulation bath with the tip submerged. The 

solution was extruded at a rate of 0.01 ml/min into a 15 cm length coagulation bath 

containing ammonium sulphate ((NH4)2SO4) (30 wt% in water) adjusted to pH = 4 with 

hydrochloric acid. Once coagulation was seen at the syringe tip, a tweezer was used to 

slowly (manually) pull on the extruding solution and connect it to the makeshift wind-up 

roller, achieving a continuous filament. The wind-up roller was made of a bar inserted 

into the overhead stirrer, rotating at the slowest setting of approx. 30 rotations per minute. 

Cao et al. [112] suggested using a draw ratio of 2; this is the ratio rates for collection and 

extrusion of the filament [217]. The draw ratio could not be measured because extrusion 

was in ml/min and collection was in rotations/min. Once a uniform filament was seen, the 

system was turned off to let the filament, still stretched between the needle tip and the 

wind-up roller, harden in the bath for approx. 5 min. This is because Cao et al. [112] used 

a far longer coagulation bath of 1 m, so extra resting in the shorter coagulation bath helped 

the filament harden.  

 

3.9.1 Cross-linking 

 

After spinning, the filament was carefully removed and placed into the glutaraldehyde 

(GA) cross-linking solution (5 wt% GA in water) for 2 min,. The fibre was then placed 

into a GA bath adjusted to pH = 4 with acetic acid for 2 min. Fibres were hung up to dry, 

then left in the vacuum oven overnight (Townson + Mercer, pressure: -0.65 bar, room 

temperature). The filaments were then cross-linked in a 4,4′-methylenebis- (phenyl 

isocyanate) (MDI) solution (2 wt% MDI in acetone) by submersion at 45°C for 1 h. Some 

filaments were removed from solution and dried at different parts of the process, as 

outlined in Table 3.3. 
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Table 3.3 Details of fibres formed by the spinning procedure outlined.  

Key 

Code Meaning 

v:v Ratio (volume:volume) of PVOH to keratin solution (1:1 or 

3:1) 

AS As-spun 

+ GA Soak in GA solution (length of time, in minutes, given in table) 

+ pH4 2 min soak in GA solution adjusted to pH 4 with acetic acid 

+ MDI 1 h at 45°C treatment with 2 wt% MDI in acetone solution 

 

Fibre Code Identity 

A 1:1 AS 

B 1:1 + 3 min GA 

C 1:1 + 10 min GA 

D 1:1 AS 

E 1:1 + 2 min GA 

F 1:1 + 2 min GA + rinse with distilled water 

G 1:1 + 2 min GA + pH4 

H 3:1 + 2 min GA + pH4 

I 1:1 AS +MDI 

II 1:1 +2 min GA + pH4 + MDI 

III 3:1 +2 min GA + pH4 + MDI 

 

3.10 Material analysis 

3.10.1 Ultraviolet Visible Light (UV-Vis) and Fourier Transform Infrared (FTIR) 

Spectroscopy 

  

Samples can be characterised by measuring their ability to emit, scatter or absorb 

light in response to incident radiation. The incident radiation is almost entirely 

monochromatic (single-frequency) and the signal is monitored as this value is swept over 

a range of frequencies. Absorption spectrometers mainly work in the UV-Vis range of the 

electromagnetic spectrum (EMS) and measure the relative absorption of radiation by a 

sample, usually in solution, relative to a reference cell containing just the solvent (the 

bulk of the solution) [218]. Absorption spectroscopy is widely used to detect specific 

absorbing functionalities (chromophores) present in samples, such as dyes [219]. The IR 

portion of the EMS can be used on samples containing molecular functionalities that 

vibrate in a way that leads to a change in dipole within the functionality. Most IR methods 

use Fourier Transform (FT) procedures, which allow the radiation emitted by the source 

to be monitored continuously, so FT spectrometers have a higher sensitivity than 

conventional spectrometers [218].  
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UV-Vis absorption spectroscopy was carried out using Perkin Elmer Lambda 35 

UV/Vis Spectrometer using a standard quartz cuvette of length 1 cm scanning in the range 

300 – 600 nm. It was used in the pilot experiment, W1, to view the dyes removed from 

the wool samples. The UV-Vis machine was not operational after initial use and so could 

not be used again (see Chapter 1 – Section 1.5). 

FTIR analysis was carried out using the spectrometer Thermo Scientific Nicolet 

iS5, fitted with ATRID7/ITX AR Coated Diamond Crystal, with data visualisation on 

Omnic software. FTIR analysis at different stages of the process was used as a rapid 

identification tool for the materials obtained. 

3.10.2 Sodium n-Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

Analysis 

 

Gel electrophoresis is a technique that separates charged compounds by loading 

them on a porous gel and applying an electric field. Compounds with a smaller mass pass 

more swiftly than those with a larger mass [218]. An anionic detergent such as SDS is 

usually employed to maintain a constant mass/charge ratio because compounds with the 

same mass but different charges can have different drift speeds. SDS works by mildly 

denaturing the proteins by forming (micelle-like) complexes around them and unfolding 

(extending) them [218, 220]. A pre-stained standard, containing proteins of a range of 

molecular weights, is loaded in one of the wells and can be directly compared against the 

proteins of the analyte. Figure 3-5 shows a picture of the experimental set-up.  

 

 

             Figure 3 - 5 SDS-PAGE picture during running of the test. 

 

 

Power source

Gels running
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SDS-PAGE analysis was carried out at the Heriot-Watt G24 Laboratory John 

Muir Building (Edinburgh, UK) according to the protocol by Dr Salek. Sample solution 

(50 µL) was mixed with Sample Buffer (Laemmli 2x Concentrate, Sigma Aldrich), 

centrifuged (1 min at 2000 rpm), and then heated (10 min at 70 °C). Aliquots (10 µL) 

were loaded into the wells of the prepared gel (Mini_PROTEAN TGX Precast Gels, Bio-

Rad, cat. #456-1094), with one well containing the pre-stained standard (Blue Plus2 pre-

stained Standard, Invitrogen) and one containing distilled water as a negative control. The 

gels were run using TGS buffer (10x Tris/Glycine/SDS, Bio-Rad) diluted in water (1:10) 

for 40 min at 180 V. The gel was then left on a shaker (overnight) in a container with the 

staining buffer containing aluminium sulphate hydrate (5% w/v, Fisher), ethanol (10% 

v/v, Sigma), Coomassie Brilliant Blue G250 (0.02% w/v, Sigma), orthophosphoric acid 

(8% v/v, Fisher) in distilled water. The gel was then treated for 24 h on a shaker with de-

staining solution, containing ethanol (10% v/v), orthophosphoric acid (2% v/v) and 

distilled water. The gels were rinsed with distilled water before taking pictures.  

3.10.3 Scanning Electron Microscopy (SEM) for surface morphology examination  

 

In SEM imaging, a ray of electrons is directed at the surface of the material. The 

electrons scattered back from this irradiated area are detected by the machinery, sending 

an electrical signal that translates as an image of the surface. The wavelength and the 

ability to focus this incident beam governs the image resolution. By scanning the electron 

beam across the surface of the sample the topography can be mapped. Only samples that 

are dry and stable under high vacuum can be imaged this way [218]. Special 

considerations should be taken into account for samples that can build up static charge on 

their surface, which detrimentally affects the obtained image but can be removed in a 

number of ways such as coating with a (conducting) metal [221].  

SEM imaging was used to image the surface morphology of different solids in the 

project. This included the original wool fabric, treated fabric, regenerated keratin, films, 

and filaments formed from polymers and keratin/polymer blends. A Hitachi S-4300 

(57E230) Version 09-03-0922 (PC), 09-02 (SEM) was used at an operating voltage of 1 

kV. There was only minimal static charge build-up in some samples, but this was not so 

strong that spraying with metal ions was required.  

3.10.4 Tensile property testing 
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The mechanical properties of a material influence its possible applications. For 

example, different tensile properties (such as tenacity, modulus, and breaking extension) 

are required for different applications of fibres and filaments in the textile industry. 

Tensile testing looks at the stress and strain properties of the material. Stress is defined 

as the applied force over a specified area, and strain is the distortion of the sample 

resulting from the application of stress [218]. Depending on the sensitivity of the 

machinery used, the gradient of the stress/strain graph can be used to give the Young’s 

modulus (E) of the material (Equation (3-1)) [218]. 

 

           𝐸 =  
𝑠𝑡𝑟𝑒𝑠𝑠

𝑠𝑡𝑟𝑎𝑖𝑛
                   Equation (3-1) 

 

Machines, such as the Instron equipment used in this project, mount a sample 

(film, filament, fibre, yarn or even textile) in between appropriate clamps and 

continuously apply a small amount stress (force), measuring the resulting deformation, 

until the sample fails (breaks or rips) (Figures 3-6 and 3-7).  

 

Figure 3 - 6 Schematic diagram of the Instron 3340 Apparatus, from the online manual 

[222]. 
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Figure 3 - 7 Mounted filaments a) before and b) after testing. 

 

The rate of data collection can be changed depending on the sample properties. 

Here, films and filaments of variable gauge lengths were measured. Filaments used a low 

rate of extension (5 mm/min) and data was collected at short intervals (0.05 seconds) 

because the filaments were expected to break quite quickly, as they were visibly quite 

brittle and non-uniform (see Chapter 4 – Section 4.5). The films were mounted between 

paper to reduce breakage at jaw, which would give a void result; this was not done for 

filament testing as there was less breakage at jaw seen in preliminary trials. 

a)    b)  
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  Results and Discussion  

4.1 Fabric treatment 

4.1.1 Dye removal 

 

The samples of wool waste used in this project were dyed using Bemacid E dyes. 

Different dye removal (or extraction) methods can be chosen based on desired stability 

of the removed dye. Therefore, changes in dye (chemical) structure during extraction 

make ‘mild’ techniques such as DMSO favourable for dyes that are sensitive to other 

(acidic) extraction conditions, such as natural dyes on historical samples [223]. Synthetic 

dyes are less susceptible to degradation during extraction [224-226]. In this work, the 

DMSO method was first used to take a UV-Vis reading of the dyestuff (Appendix A2), 

and it is clear that the dyestuff has been extracted into the solution from the picture of the 

reaction system (Figure 4-1). This was to hopefully identify the dye structure if required 

for further work with recycling dyes removed from the wool fabric. This was seen as a 

tangent that strayed too far from the objectives of this project and should instead be 

undertaken in future work.  

 

Figure 4 - 1 DMSO dye removal showing the greyish purple solution and the 

discoloured wool at the bottom of the flask. 

The DMSO method was considered as unfavourable because it requires a reflux 

system and left the fabric saturated with the compound. The Decrolin method was instead 

adopted due to (1) accessibility, as it has been used in textile discharge printing workshops 

at the University, (2) ease and (3) safety of the procedure, as the protocol does not use 

heat and instead simply soaks the fabric in a low-concentration (1 wt%) solution. The 

active ingredient in Decrolin is zinc(II) formaldehyde sulfoxylate, Zn(CH3O3S)2 [216], 

which acts as a reducing agent which destroys the dye, and it is used in keratin fibre (silk) 

bleaching [227]. Although the protocol used low concentrations of the reagent, which is 
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good for safety considerations of the process, it can produce formaldehyde, a known 

human carcinogen [228], and should therefore be replaced in future works and especially 

considered if the process is scaled up (e.g. in industry).  

The two different dye removal protocols seemed to discolour the wool in the same 

way for all samples (Figure 4-2). The wool decolourised using DMSO was not analysed 

via IR because it was taken directly to dissolution as part of the pilot study.  

 

Figure 4 - 2 a) wool starting to soak in Decrolin solution; b) wool decolourised by 

Decrolin c) wool that has been decolourised with Decrolin, regained some colour over 

time. 

Human error in initial analysis during the experiment wrongly identified the 

changes in IR peak intensity as proof that the fabric is decolourised; these are later seen 

in Figure 4-3. Upon further analysis, it is possible that the Decrolin method is not as 

effective as first expected. Although there was a visible change in colour, as seen in Figure 

4-2, it is possible that there was a re-oxidation of the dyestuff which restored the original 

colour to the fabric, as is common with reducing agents used for bleaching [227]. The IR 

traces compared in Figure 4-3 shows that the fabric could still have some remnants of the 

dyes present, as it is similar to the dyed sample, and the difference in peaks could simply 

be due to the fabric being wet or dry. 

 

4.1.2 Soxhlet scouring 

 

Soxhlet scouring is a technique used to clean fabrics, particularly when removing 

fatty components from wool, and this can increase wool solubility [229]. The work here 

used petroleum ether because this was available in the lab and was referenced in some 

works of literature [81, 147, 230]. However, it was later realised that this generally 

referenced wool fleece or coarse (undyed, untreated) wool, as petroleum ether dissolves 

naturally occurring fats in wool [231], with literature suggesting that commercial samples 

should instead should have been cleaned using an acetone/ethanol mixture [120]. It is 

unknown to what extent the erroneous choice of petroleum ether affected the solubility 

a)   b)   c)  
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of the wool samples, although it probably did provide some (minimal) level of cleaning. 

A more rigorous analysis of the waste wool fabrics after dye removal protocol should be 

conducted to identify the impurities that need to be removed and choose the correct 

solvent based on this. Thereafter, several Soxhlet scouring treatments should be attempted 

and compared to find the optimal method. This and other stages of the fabric treatment 

were analysed via FTIR (Figure 4-3).  

 
Figure 4 - 3 FTIR analysis of a) dyed wool; b) decolourised wool (using Decrolin); c) 

Soxhlet scoured wool, with the amide peaks labelled. 

 

The distinctive amide peaks of keratin are present: amides A, B and I-III [232]. The 

Amide A peak is largely masked by the OH peak, due to the sample being wet, but is 

probably at ~ 3272 cm-1, within the expected range of ~ 3286 cm-1. Amide B is probably 

not very visible because this wool is dyed, so the peak is of low intensity; it is expected 

to be in the range 3056 – 3075 cm-1. Amide A and B are caused by N-H stretching 

vibrations. Peaks at 1629, 1513 and 1231 cm-1 correspond to amides I, II and III 

respectively. Amide I is caused by C=O stretching, amide II by a mixture of N-H bending 

and C-N stretching [232], and amide III by a (phase) combination of C–N stretching and 

N–H bending vibrations [233]. The broad OH peak, showing that the sample was still wet 

when testing, in Decrolin treated and scoured fabrics is in the same range as the A and B 

amide peaks. There are no distinctive differences in peak placements between the 

different traces, suggesting that treatments did not affect the keratin structure, as expected. 

However, this could also be interpreted as the wool not being decolourised and scoured 
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sufficiently, as by the end it looks identical to the original (dyed) wool. It could be argued 

that this is visible to some extent by the variability and change in intensity of the peaks, 

as this suggests changes in keratin molecule conformation [232]; in literature, dyed 

samples have been found to have lower intensity peaks than the treated samples [234]. 

Here, the samples were probably too wet to give accurate (comparable) results.  

 

4.2 Dissolving wool 

 

 The availability of chemicals and equipment limited the selection of the 

dissolution method to several types of (mainly reduction) systems. Several patents from 

the 1940s and more modern methods suggested a reduction method using (1) (reducing) 

solution in range 3 < pH < 14.5 with reducing agent such as sodium sulfide [76]; (2) 

temperatures < 55 °C throughout [89]; (3) synthetic detergents such as sodium n-dodecyl 

sulfate (SDS) [75, 116]. The temperature used in the pilot study was under 50 °C, as it 

was suggested by the Evans patent that above this temperature there would be increased 

degradation of chain length [89]. Although it did dissolve the wool over a 24 h period, it 

was instead found that stirring at 80 °C was very effective with minor influence on chain 

length as confirmed by SDS analysis. This higher temperature was therefore used for 

further methods performed (see Chapter 3 – Section 3.5.2). It was also noted that stirring 

at low temperatures required very long periods of time, compared to high temperatures 

where some dissolution was visible within 1 h after stirring was started, although further 

experiments should be conducted to analyse the effect of temperature on dissolution time. 

To some extent, the importance of temperature is displayed in the SEM image analysis, 

as explained later in Section 4.3. The importance of temperature was also seen in the 

steam treatment method: steam treatment using sodium hydroxide solution did work 

(Figure 4-4), most noticeable by the dissolution of the treated sample and the mixed 

fabric, where the wool is dissolved but the cotton remains. However, the obtained material 

remained stuck to the glass dish after treatment and therefore was neither usable for other 

steps of the process (regeneration, blending) nor SDS-PAGE analysis which would give 

keratin chain length. The method could be explored in the future as a method that replaces 

the use of auxiliary chemicals, but this project concentrated on the reduction method. 
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Figure 4 - 4 Samples a) before steam treatment with the solution applied and b) after 

treatment. A = mixed cotton/wool fabric, B = regenerated keratin sample, C = 

decolourised, scoured wool sample, D = untreated (dyed) wool sample. 

 

 Type I and III methods tended to be the most successful: they dissolved the wool and 

were easy to apply in the laboratory conditions (easily accessible equipment, materials, 

chemicals). Type II methods also worked to some extent, but as the process optimisation 

was limited by time constraints, methods with fewer reagents were targeted, such as Type 

III methods. This is because other reagents in the system introduced complexity to the 

identity of the extract solution. The role of specific reagents was explored in Chapter 2 – 

Sections 2.4.2 and 2.4.3.  

 The Type IV methods, using alcohol and a sulfitolysis reagent sodium metabisulfite, did 

not dissolve wool. This was thought to be because any increase in solubility caused by 

alcohol disrupting the hydrogen bonds in the keratin structure is outweighed by the effect 

of keratin chains rearranging (folding up) to compensate for this change in bonding. 

Thereafter, the disulfide linkages become less easily accessible for attack by the reducing 

agent [229]. Alcohol-water-agent (reducing or other) systems do dissolve proteins [90], but 

because such a process was only attempted once in this project the results cannot be further 

analysed. Similar methods should be the focus of future work to assist the understanding of 

the effect of alcohol and sulfitolysis on wool keratin.  

 Type V method (with specific sample code W10) was adapted from Cao et al. [112]. It 

employed a reduction method, as Type I, but used reducing agent DTT. Unfortunately, this 

method did not dissolve the wool, even when it was re-stirred in several instances. This is 

probably because the conditions were not as controlled as they should have been, and long 

stirring within an unsealed system, first at 50 °C and then at 80 °C, caused losing its 

a)        b)  
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reducing capabilities. DTT oxidises under exposure to air, and its reducing capability is 

depleted when stored at room temperature in solution form [235]. Therefore, the experiment 

should be repeated in a sealed system using pre-dried glassware.  

 

4.2.1 Filtration and dialysis 

 

After stirring for 24 hours, it was suggested to remove any undissolved material 

via filtration, other suspended solids via centrifuge, and subsequently dialyse to obtain a 

more pure keratin solution [72]. This was performed by mesh filtration, centrifuge and in 

some cases dialysis. Different solutions were cast into pre-weighed petri dishes and these 

were left to dry out to determine the keratin content in each solution. These values are 

given in Table 4.1 and are used in Figure 4-5. Further information regarding calculations 

for this section can be found in Appendix A3. This was unfortunately not carried out for 

every method because every method type and further repetitions seemed to show 

inconsistent findings. Therefore, the following explanation should only be used as an 

indication. In the future, this type of quantification of keratin content should be checked 

for repetition to give more accurate results.  

 

Table 4.1 Concentration in weight % (wt%) and g/ml of different solutions after 

different treatments. 

 

Treatment 

Solution Code Concentration 

in wt% 

Concentration in 

g/ml 

No additional treatment, 

just dissolved wool 

W4  11.336 0.107 

Dialysis (12-14 kDa) W4D14 2.750 0.027 

Increased concentration 

using rotavap. 

Rotavap. of 

W4D14 

34.110 N/A 

Just mf W13 mf 22.837 0.221 

mf, cf (30 min 1000 rpm) W13 mf, cf 23.907 0.232 

Dialysis (12-14 kDa) W13 mf, cf, D15  4.315 0.041 

Dialysis (6-8 kDa) W13 mf, cf, D16  8.095 0.081 

Just mf W14 mf 23.881 0.242 

Key for Abbreviations: rotavap. = rotary evaporator; mf = mesh filtration; cf = centrifuge. Note 

that the concentration of the rotavap. Sample could not be obtained in grams because the very 

small volume of the oil could not accurately be measured and it solidified quickly. 
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Figure 4 - 5 Exploration of changes in keratin concentration. 

 

Based on these results, methods W4, W13, and W14 are used to explore the effect 

of different treatments on keratin content in the final solution, as depicted in Figure 4-5. 

In all of these methods approx. 15 g of wool was added to 100 ml of solution, with other 

reagents in excess, so the ideal content of keratin expected with 100% conversion is 15 

wt%. The actual concentration of keratin, taken from W4, was found to be 11.34 wt%. 

This suggests that the conversation rate is ~ 75.57%. The concentrations given for W13 

and W14 after mesh filtration is far larger than the 15 wt% ideal yield. Therefore, there 

must be something else that deposits during casting, such as unreacted reagents, or the 

detergent remains bonded to the keratin chain and therefore influence the weight of the 

obtained material. Centrifugation gives a slightly increased wt% measurement, which is 

probably an anomaly that could be removed via repetition. Dialysis using MWCO 12-14 

kDa gives a concentration value that is 18% of the mesh filtered and centrifuged value; 

6-8 kDa gives one of 34%. This suggests that a lot of the extracted keratin is in the MW 

range 12-14 kDa and is removed during dialysis using such MWCO tubing; this is further 

confirmed via SDS-PAGE analysis (Section 4.2.2). Therefore, in the future only dialysis 

using MWCO < 12 kDa should be used, as this will help retain low MW keratins and still 

remove unreacted reagents. 

4.2.2 SDS-PAGE Analysis 

 

The molecular weight (MW) of the keratin is very important in the formation of good 

films and filaments. Therefore, different methods, details of which are found in Appendix 

A1, trialled were analysed via SDS-PAGE analysis (Table 4.2, Figure 4-6).  

 

  

Expected: 15 wt%

Actual (W4): 11.336 %

W13: 22.837 wt%
W14: 23.881 wt%

W13: 23.907 wt% W13 12-14 kDa:  4.315 wt%
W13 6-8 kDa: 8.095 wt%

Mesh filter Centrifuge Dialyse
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Table 4.2 Well contents in SDS-PAGE analysis. More information can be found in 

Appendix A1. 

Well Contents 

1 Ladder 

2 W1D10 

3 W2D11 

4 W4D4 

5 W5D5 

6 W7D8 

7 W8D9 

8 W6D12 

9 W6D12 more concentrated 

10 Water 

 

 

a)       b)  

c)  

Figure 4 - 6 SDS-PAGE analysis of the methods with wells 1-10 (see Table 4.2) labelled. 

Image a) shows the ladder contents and approximate protein weights in kDa, b) the gel 

obtained and c) high-contrast and high-brightness version of image ‘b)’ to show the 

colours better, with analysis points (i) – (vi) labelled. 

 

weight 
(kDa)

1     2     3      4      5     6     7      8     9      10 

(i)

(iii)

(ii)

(iv)

(v)

(vi)
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Distinct bands show that a specific chain length is present rather than a range, and a 

lack of protein fragments below 10 kDa suggests that the primary protein chain has 

remained intact [111]. The choice of reducing agent and other reaction conditions have 

shown an effect on this in literature [89, 112], but in this case the lack of repeatability in 

the methods carried out and with the SDS-PAGE experiment performed only once, only 

very preliminary conclusions can be drawn. The test should be repeated to see if some 

more distinct lines would show up at a second trial; this could not be done due to Covid 

restrictions which made organising this testing, at a different campus, difficult.  

Samples in wells 2 – 4 had mostly low MW proteins present, as seen by the dark bands 

at the bottom of the gel. Samples in wells 6-9 had fewer low-MW protein presents, as 

seen by the darker gel regions in-between MW values of 64-16 kDa. This is important to 

know because high MW proteins form better films/filaments because the alignment of 

these longer keratin chains provides structural stability to the material. However, it is 

possible that a lot of the lower-MW keratins were removed during dialysis when the 

MWCO 12-14 kDa tubing was used. The gel generally did not show any particularly 

distinct bands, suggesting that primary chain degradation occurred, which could be due 

to the temperature used. All of the samples were dialysed using 12-14 kDa MWCO tubing  

so it was expected that little low-MW keratin material would show up. From Figure 4-6 

c) (i) it can be seen that in all wells 2-9 the general amount of high-MW keratin extracted 

was 9~8 > 4~5 > 7 > 6 > 3 ≫ 2, with almost no high MW keratins seen in 2. This can 

also be seen by the ‘line’ at ~250 kDa in most wells (see Figure 4-6 c) (ii)). It is odd that 

keratin of MW below 12 kDa was seen (see Figure 4-6 c) (iii)) as that is below the MWCO 

of the dialysis tubing, suggesting that dialysis was not carried out to completion in the 

methods where this was seen.  

The methods can to some degree be compared by type and therefore the effect of 

different conditions and reagents can be assessed. Methods in wells 2, 4 and 6 were Type 

I, distinguishable by high urea content and low temperature in 2 (~30 °C); same urea but 

medium temperature (50 °C) and 3h stirring and only a few hours of dialysis in 4 and 

high temperature (80 °C) and 24h stirring and 24h dialysis in 6. From these, well 2 showed 

predominantly low-MW keratins were extracted, suggesting that high urea content 

probably caused high keratin chain degradation. This should be compared to wells 4 and 

6 where the latter was expected to show more low-MW keratins because a higher 

temperature and longer stirring period were used, so more degradation was expected. This 

could not be compared because dialysis was carried out for different amounts of time, so 

4, which had shorter dialysis time, shows an abnormally high amount of low weight 
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keratins. However, wells 2 and 6 can be compared to show the effect of temperature as 

besides that they used all other similar conditions; 2 shows far more low-MW keratin was 

extracted than in 6, which suggests that higher temperature does not increase keratin chain 

fragmentation (see Figure 4-6 c) (iv)).  

Methods in wells 5 and 7 are Type II, using the same reagent concentrations but 

medium temperature (50 °C) and 3h stirring and only a few hours of dialysis in 5 and 

high temperature (80 °C) and 24h stirring and 24h dialysis in 7. Again, the extracted 

keratin MW could not be compared because dialysis was carried out for different amounts 

of time, so 5 shows an abnormally high amount of low weight keratins. However, 7 has 

darker bands in the middle of the gel rather than in the lower part of the gel, suggesting 

that slightly higher MW keratins were extracted in this sample than in 5 (see Figure 4-6 

c) (v)). This confirms that temperature probably does not cause huge chain degradation.  

Methods in wells 3 and 8 are Type III, with reagents in the former twice the 

concentration of the latter, under similar temperatures, stirring and dialysis conditions; 9 

is just a more concentrated version of sample in well 8. Therefore, 8 and 9 show very 

similar results of keratin ranges extracted, as expected. These tend towards higher MW 

keratins than in 3, where hardly anything is seen at the top of the gel and a dark band is 

seen at the bottom instead (see Figure 4-6 c) (vi)). This suggests that higher SDS and 

reducing agent concentrations cause more degradation of the keratin chains, as would be 

expected. 

 

4.3 Keratin regeneration and blending 

4.3.1 Keratin regeneration 

 

There were several pieces of literature that suggested the regeneration of extracted 

keratin by pouring the different extraction solutions into different solutions in excess, 

namely acetone [90] or alcohols [64, 120, 123]. When this was first trialled, the material 

precipitated out briefly (Figure 4-7 a)), to form a gloopy green mass, which was difficult 

to manage. Cloudiness of the solution suggests that some of it has redissolved. White 

floccules resulted from pouring into water (Figure 4-7 b)), but these redissolved upon 

resting.  
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Figure 4 - 7 a) Extracted solution was poured into excess acetone; b) white floccules 

resulting from pouring into water. 

 

Proteins precipitate out when poured into a solution that is of a lower pH than their 

isoelectric point [136]. Therefore, pouring keratin into any solution below pH = 4.8 

(isoelectric point) should cause it to precipitate out [89, 136], which probably did not 

work here because acetone and alcohols do not generally have such low pH values. 

Therefore, (glacial) acetic acid, with measured pH = 3.5, was used for keratin 

regeneration. The obtained material did look like keratin via FTIR (Figure 4-8), but in 

some cases further SEM analysis showed that undissolved wool was present (Figure 4-

9), as discussed later. This suggests that the concentration of the extracted keratin 

solutions should be assessed before attempting regeneration. Also, during regeneration, 

in many cases the precipitate got stuck to the flask, and could not be isolated, hence 

causing lost material. In some cases, only a small amount of keratin precipitated out, as 

there were low concentrations of the protein in solution. Therefore, it was decided to 

simply attempt working with extracted keratin in solution, without regenerating and re-

dissolving the protein.  

Several methods suggested using freeze-drying techniques. This method involves 

freezing the sample and then removing the water by subliming the ice to form vapor [236]. 

It can be used for making better powders (with enhanced microstructure) [237] of 

biological and bio-based materials including keratin [140]. Powders are easier to work 

with than direct precipitates, which are often sticky, irregular, and dry out to become very 

hard and difficult to manage. This is a particular issue when trying to obtain homogeneous 

blends, which is important for polymer blending, especially for use in spinning. The 

freeze-drying process was done in some literature on extruded filaments [112], probably 

because this effectively removes moisture from the sample before testing, but it can also 

be used to favour cross-linking, pore and scaffold formations in keratin-based materials 

a)  b)  
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[32, 175, 238]. Due to the Covid restrictions, it was difficult to get access to the freeze-

drying equipment at the Heriot Watt Riccarton labs. The Galashiels campus machinery 

was targeted for the drying of large quantities of powder, from past use in powder pigment 

manufacture. This equipment was difficult to use for small samples and there were issues 

with the pressure gauge. As a result, it was not confirmed whether the freeze-drying 

process could be performed effectively on very limited sample size. 

IR analysis of acetone-regenerated and a cast extraction solution (Figure 4-8) 

showed that most of the same keratin peaks are present as seen in the fabric before and 

after treatment.  

 
Figure 4 - 8 IR analysis of a) extracted keratin solution W6 regenerated by pouring into 

acetone; b) casting of W2D11 concentrated on the rotavap. Blue arrows show the 

keratin distinctive peaks, as previously described in Figure 4-3. 

 

Both the regenerated sample and the cast sample had medium peaks at ~ 2900  

cm-1, caused by C-H stretching [239]. These peaks are not just absent from other FTIR 

spectra (wool fabric, decolourised and scoured, previously seen in Figure 4-3), but are 

more prominent in the concentrated directly cast sample (Figure 4-8 b)) than the 

regenerated sample (Figure 4-8 a)). Both keratin types (conformations) should be the 

same (β-keratin), so this difference is probably caused by interference between remaining 

chemicals, water or impurities present in solution. It is possible that these materials get 

caught in the keratin structure during casting, as opposed to regenerated keratin which is 

in a purer form of the material. This can also explain the peak seen at 1053 cm-1, often 

attributed to S=O stretching (sulfoxide from thiosulfate ion), usually attributed to 

1000200030004000

2947

3279

979

1053

2848

2919

Wavenumber (cm-1)

a)

b)

Regenerated in Acetone and Cast Concentrated Solution 
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cysteine-S-sulphonate (sometimes called ‘Bunte salts’) formed during extraction  [154, 

240]. The peak at 979 cm-1 is caused by the glycine-alanine periodic sequence in the 

structure, which is probably present as it has been seen for natural keratin (in silk) [241]. 

This could be more visible in Figure 4-8 b) due to extra heating when concentrating the 

solution, and any impurities present in the structure that have become trapped during 

casting, which have therefore interfered with some of the bond vibrations. 

SEM analysis of regenerated materials showed that methods that did not stir at 

high enough temperature and long enough, W4 and W5, did not degrade the wool (Figure 

4-9 c-d). In fact, these methods barely affected the cuticle scales structure of the original 

fibre (Figure 4-9 a). This is compared to the fact that no wool structures were seen in 

several samples stirred for longer, at higher temperatures, which were also mesh filtered 

and centrifuged to remove undissolved materials prior to dialysis, such as methods W4D4 

and W2D11 (Figure 4-9 e-f). Figure 4-9 f) shows some craters probably from bubbles 

that got trapped in the structure. 
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S

 
Figure 4 - 9 Structures seen in SEM sample a) original wool sample (no dye removal 

nor Soxhlet scouring); extracted and regenerated keratin samples: b) W1; c) W4; d) 

W5. No wool structures seen in: e) W4D4 and f) W2D11 (with some craters, probably 

from bubbles, seen (arrows)). 

4.3.2 Blending  

 

It is apparent from literature that blending keratin with other polymers confers 

mechanical stability to the otherwise unfavourable material. Blending is the most 

convenient and cheap method to do this, therefore extracted keratin solutions were 

blended with a range of polymers accessible in the lab, although it should be noted that it 

would pose further issues in recycling the produced material further as it is a blend (see 

 
a) 

 

b) 

 
c)  

 

d) 

 
e) 

 

f)  
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issues with recycling blends covered in Section 2.3.2). As controlled regeneration of 

keratin was not very successful (Section 4.3.1), the keratin extract solutions were blended 

directly with polymer solutions. Blending with glycerol, HEC and PVOH was successful, 

although glycerol blends did not form films (Figure 4-10). Blending with glycerol was 

attempted because the chemical was present in the lab and was seen in literature as a 

plasticiser that could be effectively blended with extracted keratin [150, 151, 242] and 

even in some older patents [243]. This is different from how the keratin/glycerol blending 

was carried out in literature, where keratin was regenerated and redissolved in sodium 

hydroxide/isopropanol solution [242], but attempts to do such dissolution did not work. 

The cast solutions of different keratin/glycerol concentrations stayed liquid even months 

after these casting attempts, probably because glycerol is highly hydrophilic and therefore 

the water from the keratin solution stayed in the solution. Further analysis should be 

conducted on the possibilities of casting such a blend, as both glycerol (hydrophilic) and 

SDS (amphiphilic), present in the keratin solution, would have affected the film properties 

[242].  

 

 

Figure 4 - 10 Polymer blends that did not work: a) irregular PA6 casting, showing 

inability to form a film (i); PA6/keratin solution 30/70 (v/v) casting (ii); b) PBS solution 

gloopy on a spatula (iii); PBS solution which seized up in the bottom of the beaker upon 

resting (iv). 

 

Blending with synthetic polymers PA6 and PBS was also not successful. Such 

blending would have been an intriguing consideration of the mix between currently used 

synthetic (textile) fibres and recycled keratin, as PA6 is a common polymer, recently 

emerging as a (circularly) recyclable fibre [65, 244, 245], and PBS is a nature-derived 

biodegradable polyester [246]. In literature, PA6/keratin blending for electrospinning 

successfully uses concentrated formic acid as the common solvent to make nanofibers 

[18]. When blending was attempted in the lab, the keratin precipitated out, probably 

because formic acid has a low pH (~ 2 [247]) that is far below the isoelectric point of 

i ii

a) b)

iii

iv
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wool. It probably worked in literature because the keratin used was from a different source 

and type (Australian merino wool), was extracted using a sulfitolysis method, and was 

purified more carefully than in this project [18]. A small amount of extracted keratin 

solution did seem to blend with the PA6 at the beginning and was quickly cast, but it soon 

dried out and stuck to the glass surface, with some keratin visibly precipitating out on the 

casting surface and the film formed was not uniform. Therefore, it was not tested.  

Films could also not be formed with PBS. PBS dissolved by itself in HFIP, but it 

quickly seized up and hardened upon cooling, so the material could not be used to make 

films as it could not be poured. HFIP was suggested as a common solvent for regenerated 

keratin and PBS [140], but when HFIP was added to a small sample of regenerated 

keratin, obtained by pouring an extraction solution into acetone, it did not dissolve it. 

Therefore, blending was attempted with keratin extract solution, which caused issues as 

PBS is not water-soluble. Polyesters (like PBS) are usually melt-spun, so in the future 

there should be trials that conduct melt-spinning of PBS/keratin blends, although then 

new issues with blending present themselves (Chapter 2 – Section 2.5.2). This could not 

be done at present because the melt spinning machinery at the University was out of use. 

There was one attempt of heating PBS in the lab, but because there were issues with 

keratin regeneration, and the heat could not really be sustained in an 

RBF/hotplate/temperature-control system, the PBS melted and then irreversibly solidified 

to form a mass.  

 

4.4 Films 

4.4.1 Solvent Casting  

After several failed attempts to make filaments via lab-scale wet-spinning, films 

were made as this would quickly show the properties of the extracted keratin solution 

prior to attempting filament formation. Film formation by solvent casting involves 

pouring the solution into a crystallisation dish and waiting for the solvent to evaporate. In 

many cases, most of the solution evaporated, leaving a very thin, brittle, and hard film. 

This suggests that the keratin content is very low and the keratin chains are of low degree 

of polymerisation so the film does not form well. This could have also been intuited from 

the lack of viscosity in the solution. 

Films were first formed with the polymer solution and then with polymer-keratin 

blends. The casting surface was very important, as in many cases the solution would stick 

to the surface and was difficult to remove for further testing, specifically tensile testing ( 
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Instron) and FTIR analysis. This was generally true for plastic and glass surfaces (Figure 

4-11) if the solution was allowed to dry out too much. Optimising drying time allows the 

formation of good, long films that can easily be removed and tested. Therefore, a 

polytetrafluoroethylene (PTFE, often known by the trade name ‘Teflon’ [248]) surface 

was used to cast small droplets of some of the solutions for IR testing, as this is a non-

stick surface so the casting product could easily be removed. A PTFE sheet was trialled 

for casting long, uniform films that could then be tested via Instron. This is because larger 

(longer) films are easier to insert into the tensile testing (Instron) machinery, and the glass 

microscope slides used first were too short. However, it was seen that casting on this sheet 

causes the film to have irregular edges, and the sheet bent when cut to the desired size, 

meaning that the film thickness was also uneven (Figure 4-12).  

 

 

Figure 4 - 11 Example of a film, HEC/keratin (labelled as Hk in the image). Cast on the 

10th of June 2021 on a long glass slide. The lines labelled a, b, c show that the long film 

can be cut into three samples for testing. 

 

 

Figure 4 - 12 a) irregular arrangement of film on the PTFE sheet (white), showing (i) 

thinner (transparent) areas and (ii) some thicker (darker) areas; b) attempt of casting on 

PTFE sheet making borders with glass weights, showing (iii) solution spilling over 

these borders; c) example of a resulting PTFE-sheet cast film showing irregular edges. 

  

FTIR analysis of different polymer structures was undertaken (Figure 4-13). For 

PVOH, the peaks at 3278, 2930, 1731 and 1090 cm-1 are identified as O-H stretching 

a) b) c)

i

ii

iii
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(inter- and intra-molecular hydrogen bonding) [249], C-H stretching (alkane) [250], C=O 

stretching [250], probably from acetate of the unhydrolyzed portion (ester) [251, 252] and 

C-O stretching (secondary alcohol) [250] or C-O-C bond deformation [249], respectively. 

Note that the presence of unhydrolyzed ester depends on the degree of hydrolysis of the 

polymer [251] (87% in this case, as given on the reagent bottle; see Chapter 3 – Section 

3.8.1). For HEC, peaks at 3384, 2884, 1346 and 1041 cm-1 are identified as O-H stretching 

(alcohol), C-H stretching (alkane), O-H bending (alcohol), C-O stretching (primary 

alcohol) [250], respectively. For PBS, peaks at 2944, 1712, 1333, 1149 cm-1 are identified 

as C-H stretching (alkane) [250], C=O stretching (hydrogen-bonded carbonyl groups in 

the crystalline phase) [5], some form of C-O stretching (ester or ether) and C-O stretching 

(aliphatic ether) [250], respectively. For PA6, peaks at 3296, 2934, 2861, 1633, 1536 cm-

1 are identified as N-H stretching (secondary amine) [250], C-H stretch (alkane) of the 

ethylene sequence, affected by hydration (water presence in the film) [253] C=O 

stretching of secondary amide [254], combination absorbance of C-N and N-H [255], 

respectively. 
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a) PVOH 

 

b) HEC 

 

c) PBS 

 

d) PA6

 

 

Figure 4 - 13 IR readings of the different cast polymers, with structures, and some peaks 

highlighted: a) PVOH, b) HEC, c) PBS, and d) PA6. 
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 Thereafter, FTIR analysis was undertaken on blends of HEC/keratin extract 

solutions to see how the obtained material changes (Figure 4-14). As there is no cross-

linking agent applied to these films, there is simply a change in signals from the HEC to 

those of keratin seen. Specifically, the 90/10 blend shows the broad OH peak of HEC, 

which is retained in blend 80/20 with minor other changes seen. The blends 20/80 and 

10/90 show the presence of the OH peak from the keratins, as seen by the distinctive 

change in shape. 

 

Figure 4 - 14 IR of a range of blends of HEC/keratin, a) 90/10; b) 80/20; c) 20/80, d) 

10/90, with some comments. 

 

 Solutions from HEC and PVOH formed good films (Figure 4-15). They blended 

easily with keratin solutions, probably because there was a lot of water in both solutions. 

The films formed from blends tended to stick to surfaces if left to dry out for too long 

more than the pure polymer solutions, but generally gave films that were similar in colour 

to the blend solution: reasonably clear with a slight brownish/green or yellow cast. This 

is clearly caused by the presence of keratin in solution, as the polymer solutions 
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themselves were fairly clear. In several cases some ‘stripes’ were seen in the film (such 

as in Figure 4-15 a) i) and b) i)), but IR analysis showed that all of the components were 

in fact the same material, they simply differed visually (Appendix A4).  

 

a) HEC  

 

  
i) 1:1 

 

ii) 3:1 

b) PVOH  

 

 
 

 

 i) 1:1 ii) 3:1 

 

Figure 4 - 15 Films formed by a) HEC/keratin blends b) PVOH/keratin blends, i) 

showing 1:1 ratio of polymer/keratin and ii) a 3:1 ratio. 

 

4.4.2 Tensile properties and analysis 

Films, such as those shown in Figure 4-16, were analysed via Instron tensile 

testing. The film testing results showed that PVOH is generally a better polymer, as it has 

a higher elongation % and load at break (Figure 4-17 a)). This suggests that PVOH films 

are better than HEC films and therefore PVOH blends were expected to form better 

filaments (Section 4.5). A similar result was seen in films containing polymer-keratin 

blends, and in all cases the tensile results were markedly worse (lower in both load and 

elongation % range during testing) (Figure 4-17 b) and c)). Instron testing was under time 
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constraint and so repetitions could not be carried out. Repetition is crucial for these 

findings to be deemed as scientifically robust because it makes up for (random) error. The 

graph should be considered as provisional because not enough samples were tested, with 

the reasoning behind the specific data chosen for Figure 4-17 explained in Appendix A5. 

Obviously, a higher number of repetitions is crucial for these findings to be deemed as 

scientifically robust. 

 

 
Figure 4 - 16 Instron results for film testing of an HEC/keratin film, showing the 

mounting a) before testing, with small fracture caused during removal of the film from 

the casting surface, and the same film b) after testing, exhibiting breakage at fracture as 

expected. This result was not used in data analysis because this failure at an existing 

fracture does not represent the film properties accurately. 

 

a)  b)  
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(c)  

 

Figure 4 - 17 Tensile results comparison: (a) pure PVOH and HEC films, (b) PVOH and 

(c) HEC/keratin films.  

 

 

4.5 Filaments 

4.5.1 Lab-scale wet-spinning set-up 

 

The first wet-spinning trials were done with dialysed keratin extract solutions and 

involved a coagulation (salt) bath, hand-held syringe with a bevel-type (slanted) ended 

stainless-steel needle. When extruded into the bath, the keratin material precipitated out 

(salted out) and no filament was formed. This was probably due to two factors: (1) very 

low keratin concentrations, most keratin extracted was probably of low MW and most of 

it was removed by dialysis (explained in Section 4.2.1); (2) the needle type used, which 

was bevel type (slanted) at first but then changed to a flat-end type. Needle end shape is 

an important consideration in the wet-spinning process [175]: the slanted end would cause 

the polymer to be fed into the solution in an uneven way, which would cause irregular 

desolvation of the polymer, so a continuous filament is not formed (Figure 4-18 a). This 

is compared to the flat-end needle, which did form a continuous filament (Figure 4-18 

b)). Unfortunately, this type of needle was not sourced for the lab until May 2021, a 

couple of months after the initial extrusion attempts with the bevel needle. By then the 
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PVOH/keratin and HEC/keratin blends were identified based on their ability to form good 

films, a new continuous (automated) spinning system was set up. Both HEC and PVOH 

polymers mixed well with keratin extract solutions and formed good films, and Instron 

testing of films suggested that PVOH/keratin blends would be better for making filaments 

(Section 4.4.2). A quick extrusion of HEC/keratin blended solutions, both in the 1:1 and 

3:1 ratios, showed no coagulation; this is in contrast to literature where another type of 

cellulose, H-HPC, did form filaments very successfully [112]. The difference is probably 

due to polymer types, and HEC probably had fewer favourable polymer-keratin 

interactions than H-HPC. Furthermore, a very long (100 cm) coagulation bath was 

suggested in literature [112], probably because this gives time for the filament to harden 

in the bath; here, a short bath (15 cm) was used and the filament was left to soak to give 

it time to harden. A longer coagulation bath could not be sourced during the project 

period.  

 

 

 

Needle Type 

 

 

Figure 4 - 18 a) Original lab-scale wet-spinning set up, with slanted needle end 

highlighted, which did not give filaments and instead clumped up in the bath, and b) 

filament successfully formed via lab-scale wet-spinning, using flat-end needle. 

4.5.2 Cross-linking 

 

Cross-linking helps increase the strength of filaments by forming bonds between 

the constituent polymers in the blend. As aforementioned, methods from the 1940s have 

produced good dry strength fibres (> 3 g/den) but these had wet strength as much as 60% 

lower than this. More recently, cross linking with glutaraldehyde (GA) and 4,4′-

methylenebis- (phenyl isocyanate) (MDI) have been highlighted for adding useful tensile 

strength to keratin-based filaments [112]. GA works by forming bonds between the 

keratin chains, whilst MDI works by forming bonds between the keratin and the polymer, 

 

a)  

b)   

 

 

a)  

b)   
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and both have been previously used in cross-linking regenerated protein fibres (Chapter 

2 – Section 2.6.3). In this project, filaments were white as-spun, but became more 

transparent in places and sometimes more yellow when GA cross-linking was applied 

(Figure 4-19); MDI cross-linking showed no change in filament colour.  

 

 

Figure 4 - 19 Filaments before and after different GA cross-linking times: a) as-spun; b) 

+ GA cross linking (3 min); c) + long GA cross-linking (5 min); d) + long GA cross-

linking (10 min). 

 

The filaments were clearly not uniform, as confirmed by SEM analysis (Figure 4-

20). The diameter and shape of the spinneret dictates the filament shape and size (Chapter 

2 – Section 2.6.2). In this case, the spinneret is the syringe, and it is cylindrical in shape 

and has an inner diameter of 1.4 mm (giving approx. 17 gauge). The obtained filaments 

had a wide range of diameters (Appendix A6). This could not be adjusted because no 

other types of flat-end needle could be obtained within the project timeframe. 

 Image Close-up 

a) 

  
b) 

  

a  b  c  d   
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c) 

  
d) 

  
e) 

  
f) 

 
 

 

Figure 4 - 20 SEM images of some of the filaments formed showing closeups on the 

right hand side: a) PVOH/keratin 1:1 as-spun (A); b) PVOH/keratin 1:1 as-spun + GA 

cross-linking (G); c) PVOH/keratin 1:1 as-spun + MDI cross-linking (I); d) 

PVOH/keratin 1:1 as-spun + GA + MDI cross linking (II); e) PVOH/keratin 3:1 as-spun 

+ GA cross linking (H); f) PVOH/keratin 3:1 as-spun + GA + MDI (III). 

4.5.3 4Tensile properties and analysis  

The tensile properties of the filaments were tested via Instron. As-spun samples 

were too brittle to test and they broke during mounting. Table 4.3 explains the filament 

code meanings and details the tenacity and elongation at break obtained from tensile 

testing whilst Figure 4-21 showcases the Instron data. Note that ‘b’ shows that this is the 

second spun filament sample tested, although only single data samples and not averages 

are used. Single data samples were used because very few filaments were formed, with 

the specific choices explained in Appendix A5, therefore the graph should be considered 

as provisional. Obviously, a higher number of repetitions is crucial for these findings to 
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be deemed as scientifically robust. Further details on specific filaments, as required for 

Instron testing method set-up, can be seen in Appendix A6.  

 

Table 4.3 Tenacities and elongation at break for various PVOH: keratin rations with and 

without cross-linking with MDI. 

Code Ratio PVOH: 

keratin 

Tenacity at break 

(cN/tex) 

Elongation at break 

(%) 

Gb 1:1 + GA 0.732 2.19 

IIb + MDI 1.121 1.61 

Hb 3:1 + GA 0.763 5.23 

IIIb + MDI 0.774 5.72 

 

 

Figure 4 - 21 Before (solid line) and after (dotted line) MDI cross-linking for 1:1 and 

3:1 PVOH ratio filaments. Code meanings are listed in Table 4.3. 

 

The Young’s modulus was roughly approximated (Appendix A7) and is given in 

Table 4.4. This is considered a ‘rough’ estimate because the measuring of Young’s 

modulus requires a different machinery set-up which is more sensitive and measures the 

sample at multiple points; such equipment was not accessible in the laboratory.  

 

Table 4.4 Rough estimate for the Young’s modulus for different PVOH: keratin rations 

with and without cross-linking. 

Code Ratio PVOH: keratin Young’s Modulus (N/mm) 

Gb 1:1 + GA 0.19 
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IIb + MDI 0.29 

Hb 3:1 + GA 0.14 

IIIb + MDI 0.13 

 

For pure polymers, PVOH films gave a Young’s modulus value of 0.25 and HEC 

of 1.43 N/mm (Section 4.4.2). In all cases, the modulus seems to have decreased with the 

addition of keratin, although it is difficult to compare films and filaments as they are 

expected to have different properties due to their different shape (and processing). 

Considering Table 4.3 and Figure 4-21, in terms of the tenacity for the Gb/IIb traces, it 

can be seen that adding MDI increased maximum tenacity (by 0.389 cN/tex) and 

decreased elongation at break (difference of 0.58 %). For Hb/IIb, the maximum tenacity 

is very similar for both traces (0.763 and 0.774 cN/tex respectively) but the elongation at 

break is increased by a similar amount (difference of 0.49 %) as seen for the increase of 

Gb/IIb. Note that the tenacity in g/den is approximately the same as the tenacity in 

mN/tex; this approximation is explained in Appendix A8.  

Increased cross-linking is expected to augment the tenacity of a material. It has 

been suggested that for a fibre to be commercially successful a tenacity of approx. 5 g/den 

(0.5448 cN/tex) is required (Chapter 2 – Section 2.7.3). In all of these cases the tenacity 

at break is above this value (Table 4.3), although more repetitions of the experiments 

would give more precise results by removing some error. Compared to other fibres on the 

textile market, the tenacity is in the upper part of this range (see Chapter 2 – Table 2.4), 

but the elongation at break is far lower (Table 4.3). It is similar to the ‘good dry strength’ 

of fibres produced in the 1940s (> 3 g/den, approx. 0.3269 cN/tex).  Unfortunately, there 

was not enough time to attempt wet-strength testing, and these fibres produced in the 

1940s had very low wet-strengths (as much as 60% lower than the dry strength value [66, 

191]).  
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  Conclusions and Future work 

5.1 Conclusions 

In response to the Aims and Objectives, the following conclusions can be drawn 

from this research. 

(1) Commercial waste wool can be pre-treated via Decrolin dye removal and Soxhlet 

scouring, although it is unclear to what extent these specific methods were successful 

in removing the dye and effectively cleaning the fabric prior to dissolution. 

(2) Regardless of the pre-treatment, waste wool samples can be dissolved in many 

different ways, including using sodium sulfide and SDS in water by mechanically 

stirring for 24 h at 80 °C. Analysis via SDS-PAGE shows that: 

• dialysis was not carried out to completion in many instances; 

• high urea and other reagent content concentrations seem to have caused more 

chain degradation than lower ones; and 

• there does not seem to be a (direct) correlation between more chain 

degradation and higher temperature.  

However, in all methods SDS-PAGE analysis showed some degree primary chain 

degradation occurred. Following this conclusion, subsequent experiments should involve 

conducting the methods in a more controlled manner and repeating the SDS-PAGE test 

to allow further conclusions to be drawn. 

 

(3) Although the concentration of keratin in the extracted solution was generally found 

to be low (~ 11.3 %), solutions were successfully blended with polymers HEC and 

PVOH, and plasticiser glycerol. Polymers confer stability and more useful mechanical 

properties to the keratin and can be used to make films via solvent casting. 

Undertaking such a process suggested that the solution can in fact hold a cast shape 

and can subsequently be spun. There were issues with PBS and PA6 blending, and 

these did not form uniform films, whilst glycerol-keratin blends stayed liquid months 

after casting attempts. 

(4) Whilst both PVOH and HEC both formed good quality films, only PVOH formed 

filaments upon extrusion. Filaments were successfully wet-spun using a laboratory 

scale wet-spinning system and were subsequently cross-linked by GA and MDI. SEM 

analysis showed that the filaments were not very uniform.  

(5) The tensile properties of both films and filaments were tested using Instron apparatus. 

As-spun filaments were too brittle to mount, showing that the mechanical properties 
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before cross-linking are not useful. The cross-linked filaments were tested and it was 

found that they all above 5 g/den (0.5448 cN/tex), the suggested minimum 

requirement suggested for textile application. 

 

5.2 Future research recommendations 

 

Due to time constrains, the decolouration and Soxhlet scouring methods were not 

assessed properly and were therefore subject to human error. Additionally, the chosen 

most successful dissolution method was not optimised, and the spinning set-up was not 

improved to give the most uniform filament. Furthermore, the Instron testing was not 

undertaken on a large enough sample size, so the data is not scientifically robust for 

further analysis, such as considering the effects of single (GA) versus double (GA and 

then MDI) cross-linking on the material properties. Tensile analysis of wet material to 

obtain the ‘wet-strength’ would also give more information on the usability of such 

materials, as in the past this was one of the issues that caused the demise of regenerated 

(protein) fibres. The whole process needs to be assessed more carefully, considering 

each stage, and optimising it to give reproducible results.  

Whilst there are issues with equipment set-up on a small scale, scaling-up brings 

about new difficulties of volumes of material, which could cause problems related to 

waste management. As such, there is a new set of considerations for different sizes of 

wool recycling using chemical procedures, and therefore such processes should be 

adapted on a case-by-case basis. Further work on blending with synthetic polymers 

should be carried out, such as with PBS and PA6. Working with modern synthetic 

polymers would show how this material could perform in the fashion sector specifically 

and possibly replace some of the less environmentally friendly fibres in the market.  

Furthermore, beyond the outlined process, there are some avenues for other work within 

the system. For example, theoretically, dyes removed from the wool, if not chemically 

degraded, could possibly be recovered used for the dyeing of new wool products. Dyes 

recovered from waste-water have already been used to dye new materials [256-258].  

In the far future, advances in chemical practices aimed at recreating the complex 

structures of biological systems could one day be used to artificially make the 

hierarchical structure a wool fibre. This would make an extremely high value filament 

that would be similar to wool or could be engineered to specific requirements. Such a 

material would directly close the loop in the wool processing system. This would require 

computational modelling of wool, a notoriously difficult task due to the many levels of 
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complexity, as this would describe applied mechanics of the fibre structure at coarser 

levels. The actual creation of such a material would probably rely on structure-property 

conscious genetic engineering, such as that which has given us spider silk (β-keratin) 

expression in goat’s milk [32]. 
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A1. Method Details 

Table A1.1 gives information on precise reagent amounts and processes used for each methods that was carried out. The code meaning, in order of 

how the experiments are carried out, is as follows, 

 

‘#’ = number  

R# = wool dye removal 

S# = wool Soxhlet scouring 

W# = wool dissolution 

D# = dialysis of dissolved mixture (using tubing with MWCO 12-14 kDa) 

 

Table A1.1 Details for the different methods carried out. 

Type Code Procedure 

I 

 

W1 and 

W1D10 

8.0 g wool in 250 mL solution (30 wt% urea, 2.4 wt% Na2S, 0.6 wt% SDS, in distilled water). Stirred for 24 h at 40 °C. 

W1D10 dialysed (MWCO 12-14 kDa tubing) supernatant liquid for minimum 24 h in distilled water. 

W4 and 

W4D4 

5.0 g wool in 100 mL solution (4.2 wt% urea, 3.0 g Na2S, 0.8 wt% SDS). Stirred for 3 h at 40 °C. W4D4 dialysed (MWCO 

12-14 kDa tubing) supernatant liquid for approx. 12 h in distilled water. 

W7 and 

W7D8 

Same as W4 but stirred for 20 h at 50 °C. 

II W5 and 

W5D5 

5 g wool in 50 ml solution (10.4 wt% SDS, 0.7 wt% NaOH, 3.1 wt% Na2S); Stirred for 3 h at 40 °C. W5D5 dialysed 

(MWCO 12-14 kDa tubing) supernatant liquid for approx. 12 h in distilled water. 

W8D9 Same as W5 but stirred for 20 h at 50 °C. 

III W2 and 

W2D11 

5 g wool in 50 ml solution (5.0 wt% SDS, 2.5 wt% Na2S). Stirred for 24 h at 80 °C. Mesh filtered, centrifuged (30 min 

1000 rpm). Dialysed (MWCO 12-14 kDa tubing) supernatant liquid for minimum 24 h in distilled water 
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W12D14 

 

15.7 g wool in 150 mL solution (5.1 wt% SDS, 2.4 wt% Na2S). Stirred vigorously for 24 h at 80 °C. Filtered through 60 

mesh, centrifuged 30 min 1000 rpm. Dialysed (MWCO 12-14 kDa tubing) supernatant liquid for minimum 24 h in distilled 

water. 

W6D12 5 g wool in 100 ml solution (0.4 wt% SDS, 1.25 wt% Na2S). Stirred vigorously for 1 h at 40 °C, then 15 h room temp, then 

6 h at 50 °C, then 2 h 80 °C at which point it dissolved. Filtered through mesh 60 and centrifuged 30 min 1000 rpm. 

Dialysed (MWCO 12-14 kDa tubing) supernatant liquid for minimum 24 h in distilled water. 

W3D13 20.1 g wool in 200 mL solution (5.0 wt% SDS, 2.5 wt% Na2S). Stirred vigorously for 24 h at 80 °C. Filtered through 60 

mesh, centrifuged 30 min 1000 rpm. Dialysed (MWCO 12-14 kDa tubing) supernatant liquid for minimum 24 h in distilled 

water. 

W13, 

W13D15 and 

W13D16 

15.1 g wool in 100 mL solution (7.5 wt% SDS, 3.8 wt% Na2S). 

Stirred vigorously for 24 h at 80 °C. Filtered through 60 mesh, centrifuged 30 min 1000 rpm. 

D15 = dialysis using 12-14 kDa 24 h. 

D16 = dialysis using 6-8 kDa 24 h. 

W14 15.3 g wool in 100 mL solution (7.6 wt% SDS, 3.8 wt% Na2S). Stirred vigorously for 24 h at 80 °C. Filtered through 60 

mesh, centrifuged 30 min 1000 rpm.  

IV W9 5 g wool in 50 mL solution (50 wt% methanol, 0.014 wt% Na2S2O5). Stirred vigorously for 24 h at 80 °C; didn’t dissolve, 

then placed into fridge, then stirred at 80 °C for 16 h with overhead stirrer, still didn’t dissolve. 

V W10 5 g wool in 20 mL solution (6.25 wt% DTT, 12.5 wt% g SDS); Stirred vigorously for 24 h at 80 °C; didn’t dissolve, then 

placed into fridge, then stirred at 80 °C for 16 h with overhead stirrer, still didn’t dissolve. 
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A2. DMSO Removal of Dyestuff 

Dye was removed from grey and yellow samples of wool. UV-Vis data was collected as described in Chapter 3 – Section 3.1.1. From the graphs 

(Figures A2-1 and A2-2) it is clear that the grey was extracted in very low concentration, so much so that the obtained spectrum could not really be used 

to identify the dye species. The yellow dye showed a good spectrum with a distinctive trough at 346 nm and peak at 412 nm. No UV-Vis spectrum of 

Bemacid dyes was found in literature, but the maximum absorbance of the yellow dye seems to be within the range expected for yellow dyes from 

literature (above the 400 nm mark), and same for the grey in the range of blue/purple dyes (around 600 nm) [225]. The scan for the grey dye should be 

repeated at higher wavelength range, as blue (tint or shade) colours tend to absorb above 600 nm, and with a higher concentration, as the absorbance 

values are very low. It is assumed that all Bemacid dyes have similar structures, such as that given in Figure A2-3 for Bemacid Yellow E-4G [2]. 

 

 

 

 

 

 

 

 

 

  
Figure A2-1 UV-Vis reading for dye 

removed with DMSO, from yellow wool 

sample. 
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Figure A2-2 UV-Vis reading for dye 

removed with DMSO, from grey wool 

sample. 

Figure A2-3 Structure of Bemacid 

Yellow E-4G dye, with the distinct azo 

group (red) clearly visible [2]. 
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A3. Determining Solid (extracted keratin) Material Content 

Table A3.1 gives data for the calculations of material content in solution. 

 

Table A3.1 Data for determining concentrations. For abbreviations, see Chapter 4 – Table 4.2 in main document. 

Petri 

Dish 

Em

pty 

/g Solution Added 

Amount 

Added /mL 

Full 

(wet) /g 

Dry 

/g 

Dry - 

Empty 

Full (wet) - 

Empty 

Concentration in 

weight % (wt%) 

Concentration 

in g/mL 

A 

13.9

53 W4D14 10 23.698 

14.2

21 0.268 9.745 2.750 0.027 

B 

13.9

62 

W4 undialysed, 

unfiltered (no mf/cf) 2.1 15.938 

14.1

86 0.224 1.976 11.336 0.107 

C 

13.7

41 

Rotavap. treatment of 

W4D14 Unknown (oil) 15.072 

14.1

95 0.454 1.331 34.110 N/A 

D 

13.8

51 W13 mf 10 23.515 

16.0

58 2.207 9.664 22.837 0.221 

E 

13.8

24 W13 mf, cf 5.6 19.266 

15.1

25 1.301 5.442 23.907 0.232 

F 

13.8

57 

W13 mf, cf, D15 (12-14 

kDa) 5 18.608 

14.0

62 0.205 4.751 4.315 0.041 

G 

13.8

59 

W13 mf, cf, D16 (6-8 

kDa) 4.1 17.948 

14.1

90 0.331 4.089 8.095 0.081 

H 

13.9

59 W14 mf 4.1 18.113 

14.9

51 0.992 4.154 23.881 0.242 
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Using the data for W4, a ‘% conversion’ (% efficiency of dissolution) is obtained, 

 

11.336

15
× 100 = 75.57%                                     (Equation (A3-1)) 

 

Using the data for W13 after different kinds of dialysis, where c is the concentration in wt% post dialysis, 

 

23.907 −𝑐

23.907
× 100 = 𝑏𝑦 ℎ𝑜𝑤 𝑚𝑢𝑐ℎ 𝑡ℎ𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 ℎ𝑎𝑠 𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑒𝑑,  𝑖𝑛 %           (Equation (A3-2)) 

12-14 kDa dialysis decreases by 82% whilst 6-8 kDa dialysis decreases by 66%. 
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A4. Examining ‘Stripes’ in Films 

Note that both HEC/keratin and PVOH/keratin films look very similar (Figure A4-1, A4-2 and A4-3). This is because the two polymers have 

similar structures, particularly distinguished by the high hydroxyl group content. The only real difference can be seen in the peaks within the lower 

wavenumber regions (below 1500 cm-1).  

 

 

 

 

  

Figure A4-1 FTIR of inner stripe and outer 

stripe of HEC/keratin blended films, with 

a) inner stripe and b) outer stripe. 

Figure A4-2 FTIR of inner stripe and 

outer stripe of PVOH/keratin blended 

films, with a) inner stripe and b) outer 

stripe. 

 

Figure A4-3 FTIR of all from Figure A4-1 and 

A4-2 in low wavenumber range. 
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A5. Reviewing and Selecting Instron Data for Graphs 

 

First the following data was considered: PVOH:keratin 1:1, cross linked by GA and adjusted to pH 4 (G) and the same filaments then crosslinked 

with MDI (II), with ‘a’ and ‘b’ denoting the two different filaments tested (Figure A5-1). Ga and Gb have more or less the same shape of the curve, 

with a difference between the start and the break point (approx. 1.25%) and change in tenacity (approx. 3 mN/tex) over this change in elongation However, 

there is a large difference in the starting point of the graph, suggesting that the filaments have some kind of difference between them. The difference 

between the start and the break point is approx. 1.50% for both IIa and IIb. However, there is a large difference in tenacity at break and the IIb graph 

has a small bump in it. This could be caused by an irregularity in the filament such as a thinner part of the filament which starts to break before the rest. 

Gb and IIb fall into the same range on the graph, with higher tenacity over same elongation seen for the latter, showing that an increase in tenacity is 

caused by MDI crosslinking. This is compared to Ga and IIa which shows almost an identical shape but vastly different starting elongation. Increased 

cross-linking with MDI is expected to increase tenacity of a filament as was seen by Cao et al. [112], so Gb and IIb probably are the more reliable 

results. 

Subsequently, the following data was analysed: PVOH:keratin 3:1, cross linked by GA and adjusted to pH 4 (H) and the same filaments then 

crosslinked with MDI (III), with ‘a, b, c’ denoting the different filaments tested (Figure A5-2). All of the H traces show the same tenacity (approx. 8 

mN/tex) but had very different ranges of elongation. When compared, IIIa and IIIb showed an almost identical shape, to the point where it is difficult 

to distinguish the lines as they overlap. This shows that the filaments were almost identical, and that the data is probably very reliable, considering that 

other repetitions did not show such similar results. It is seen that only Hb has a reading similar to the IIIa and IIIb readings, as it falls within the same 

range on the graph. This should probably then be taken as the most reliable reading for comparison. 

  



 

9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

  

Figure A5-1 Review of tenacity and elongation data for 

filaments spun from PVOH/keratin 1:1 solution before 

(G) and after (II) cross-linking. 

Figure A5-2 Review of tenacity and elongation data for 

filaments spun from PVOH/keratin 3:1 solution before (H) and 

after (III) cross-linking. 
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A6. Properties of Spun Filaments  

Table A8.1 lists the filaments and their diameters. Filaments (Table A5.1, reproduced from text) were weighed and measured with a calibrated ruler 

to find the ‘tex’ value (Table A5.2), required for the Instron method setup. 

 

Table A8.1 Filament diameters as measured using SEM. Filament code meanings are explained in the main text, Chapter 3 – Section 3.9.1.  

 

 

 

 

 

 

 

 

 

*Ranges given for very irregular filament segments, showing the large difference between thinnest and thickest parts. 

 

  

Filament code Diameter (μm) 

A 329 

B 368 

C 322-488* 

D 244-340* 

E 219 

F 120-212* 

G 132 

H 234 

I 381 

II 84 

III 150 
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Table A5.1 Details of fibres formed by the spinning procedure outlined (reproduction of Table 3.3 from the main text).  

Key  Code Meaning Fibre Code Identity 

A 1:1 AS 

B 1:1 + 3 min GA 

C 1:1 + 10 min GA 

D 1:1 AS 

E 1:1 + 2 min GA 

F 1:1 + 2 min GA + rinse with distilled water 

G 1:1 + 2 min GA + pH4 

H 3:1 + 2 min GA + pH4 

I 1:1 AS +MDI 

II 1:1 +2 min GA + pH4 + MDI 

III 3:1 +2 min GA + pH4 + MDI 
 

v:v v:v ratio of PVOH to keratin solution (1:1 or 3:1) 

AS As-spun 

+ GA Soak in GA solution (length of time, in minutes, given in table) 

+ pH4 2 min soak in GA solution adjusted to pH 4 with acetic acid 

+ MDI 1 h at 45°C treatment with 2 wt% MDI in acetone solution 
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Table A5.2 Filament details required for Instron testing. Tex (in g/m) is obtained by the following equation: 1000(mass/length) 

Filament Sample Code Mass (g) Length (m) Tex Gauge length (mm) Usefulness of data (Y = yes, N = no) b 

A 0.0022 0.052 42 20 N 

B 0.0019 0.073 26 40 Y 

C 0.0014 0.064 22 40 Y 

D 0.0032 0.045 71 20 N 

E 0.0015 0.085 18 60 Y 

F 0.0013 0.040 33 30 Y 

G 0.0005 0.056 26 a 40 Y 

H 0.0013 0.055 24 40 Y 

I 0.0025 0.046 54 20 N 

II 0.0020 0.104 19 40 Y 

III 0.0010 0.046 22 40 Y 

a The first obtained tex value was very low at a value of 9, due to the very low mass value. Therefore, a tex value of 26 was used, as this is the mean of 

the F and E tex values.  

b This depends on the observations during the time of analysis: the filaments A, D and I broke when mounting and therefore no data could be collected.  
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A7. Calculating Young’s Modulus from Graphs 

A very rough Young’s modulus can be obtained from the gradient of the graph. This is considered a ‘rough’ calculation because in reality such 

testing requires a more sensitive Instron apparatus and more repetitions per specimen. Figure A7-1 shows the Instron testing results for different films, 

with the data organised in Table A7.1. Figure A7-2 shows and Table A7.2 do so for filaments. Filament code meanings are explained in the main text, 

Chapter 3 – Section 3.9.1. 
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Table A7.1: Details for Young’s Modulus calculations between the two points shown in Figure A7-2. 

Contents PVOH HEC PVOH/ker HEC/ker 

Initial Y 22.55 22.36 0.08 0.22 

Final Y 43.76 35.83 16.45 8.7 

Initial X 6.04 2.34 2.3 2.78 

Final X 89.54 11.78 6.16 5.13 

Young's Modulus (gradient) 0.25 1.43 4.24 3.61 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure A7-2 Plots for calculating Young’s modulus of filaments: a) PVOH/keratin 1:1 before (G) and after (II) cross-linking with 

MDI; b) PVOH/keratin 3:1 before (H) and after (III) cross-linking with MDI 
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Table A7.2: Details for Young’s Modulus calculations between the two points shown in Figure A7-1. 

Ratio PVOH:ker 1:1 + GA 1:1 + MDI 3:1 + GA 3:1 + MDI 

Sample Name Gb IIb Hb IIIb 

Initial Y 0.1 0.1 0.1 0.1 

Final Y 0.19 0.21 0.18 0.17 

Initial X 0.42 0.26 1.53 1.71 

Final X 0.89 0.64 2.11 2.27 

Young's Modulus (gradient) 0.19148936 0.28947368 0.13793103 0.125 
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A8. Showing that g/den ~ mN/tex 

The relationship between cN/tex and g/den has been given as follows [259], 

(Equation (A8-1)) 

𝑐𝑁/𝑡𝑒𝑥 =  
𝑔/𝑑𝑒𝑛

0.11325
  

And it is true that, 

 

(Equation (A8-2)) 

1 𝑚𝑁 = 0.1 𝑐𝑁 

∴   𝑚𝑁/𝑡𝑒𝑥 =  0.1 𝑐𝑁/𝑡𝑒𝑥 

Substituting Equation (A9-1) into (A9-2), 

(Equation (A8-3)) 

              = 0.1 
𝑔/𝑑𝑒𝑛

0.11325
 

 

Solving for g/den, and rounding 0.11325 to one decimal place, = 0.1 

𝑔/𝑑𝑒𝑛 =
𝑚𝑁/𝑡𝑒𝑥

0.1
 ×  0.1 

∴  𝑔/𝑑𝑒𝑛 ~ 𝑚𝑁/𝑡𝑒𝑥 

Therefore mN/tex can be used as an approximation of the g/den value. 
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