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Abstract 

Most plastics are produced from non-renewable and/or non-biodegradable 

polymers. The negative environmental impact of these has been a strong 

driver for bioplastic development. Proteins are naturally occurring 

biopolymers which can be denatured and plasticised to produce thermoplastic 

materials. Novatein Thermoplastic Protein (NTP) is a patented blend of blood 

meal (a highly aggregated protein) and processing additives which: reduce 

hydrogen bonding, break cross links between cysteine residues, disrupt 

hydrophobic interactions, and facilitate protein unfolding. Water and 

triethylene glycol (TEG) are added as plasticisers to produce a powder which 

can be extruded, and subsequently injection moulded.  

As Novatein is both bio-derived and biodegradable there is the opportunity for 

using it as an alternative loose fill packing material. This work aimed to 

develop an appropriate foaming method and the principles governing it. 

Foaming was initially investigated through extrusion which was unsuccessful 

due to the low speed and pressure drop. However, by using high speed and 

pressure, Novatein was successfully foamed in an injection moulder under free 

expansion. Foaming achieved densities between 0.2-0.5 g/cm3, at 

temperatures between 160-165°C. The mechanical properties varied with 

density but compressive strengths between 200 and 600 kPa and elastic 

moduli between 2.2 and 8 MPa were typical. Increasing temperature further 

did not improve expansion as the material degraded. The narrow processing 

window is characteristic of the material’s semi-crystalline nature which arises 

from residual protein secondary structure (α-helices and β-sheets). Although 

Novatein softens at high temperature, it does not form a typical melt. 

Processing depends upon the interactions between protein, additives, and 

plasticisers. Highly plasticised Novatein phase separates into protein rich, 

protein-plasticiser, and plasticiser rich regions. This results in variable 

morphology characterised by: unfoamed regions, variable cell sizes and both 

open and closed cells.  
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Varying water, urea and TEG impacted the foaming ability; adding urea 

lowered the extensional viscosity improving foaming while also acting as a 

blowing agent. Water and TEG reduced the shear viscosity and softening point 

respectively reducing expansion. Water was expected to improve expansion 

by acting as a blowing agent, however increasing water and TEG both 

increased cell size, but delayed stabilisation decreasing expansion.  

Following nucleation a bubble grows by diffusion of gas molecules from the 

surrounding polymer. As these molecules leave, the viscosity increases, 

controlling bubble growth. Simultaneously, growth causes chain alignment 

within the surrounding polymer. Through FT-IR, bubbles were shown to 

appear in regions high in β-sheets. Two mechanisms were proposed; either a 

bubble nucleates near a β-sheet and grows until it encounters other β-sheet 

structures or that chain alignment enables hydrogen bonding between the 

chains, forming these structures. FT-IR also showed a high concentration of 

TEG at the bubble surface suggesting that nucleation occurred in regions high 

in water and TEG. The accumulation of TEG at a bubble surface occurs as water 

(steam) diffuses into the bubble causing expansion, pushing TEG into the 

surroundings.  

Bubble stabilisation is achieved through either a loss plasticiser molecules or 

a decrease in temperature. In over plasticised blends, water keeps the viscosity 

in the surrounding polymer low, while increasing TEG reduced the softening 

point, both allowing more time for gases to diffuse out.  

This work developed a suitable foaming method and an understanding of the 

role of protein secondary structure and rheology for Novatein, which can be 

foamed despite its high β-sheet content.  
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Introduction 

The global demand for polymeric foams in 2015 was 22,000 kilotons (20,000 

kilo tonnes) [1] with packaging accounting for 25% (5,000 kilo tonnes). 40% 

of plastics currently being used for packaging, most are single use [2]. Of these, 

foams represent the biggest problem due to their lack of biodegradability and 

the volume they consume when sent to land fill. Global production of 

biopolymers was only 2050 kilo tonnes in 2017 of which 42.9% are 

biodegradable, the remainder are just bio-derived [3]. The best foamed 

packaging alternatives to polystyrene from an environmental stand point are 

starch and poly-lactic acid (PLA) as they are renewable. However, their 

manufacture competes with food production and PLA requires commercial 

composting infrastructure which New Zealand does not have. 

Economically plastic products and plastic resins represented 5.1 % of New 

Zealand’s total imports in 2016, equating to 1.82 billion US$ [4]. Most plastics 

are received in a ready for use condition with commodity plastics accounting 

for less than 25% of these imports [4]. New Zealand is reliant upon importing 

plastic products and resins as the country does not manufacture these raw 

materials [5]. However, the country converted over 250,000 tonnes of 

polyethylene, polypropylene, polyvinyl chloride, and polyethylene 

terephthalate to products in 2014 [5]. 

Single use plastic bags are being phased out in New Zealand with a complete 

ban, including compostable and biodegradable forms, by mid-2019 [6]. China 

and Australia stopped accepting plastic material for recycling this year 2018 

[7], and strong opposition to using plastic for energy [8] has resulted in an 

accumulation of 400 tonnes of plastic [9]. Furthermore, it is uncertain if 

plastics sent overseas for recycling are actually being recycled [7]. Plastics NZ 

and Packaging NZ support the call to “design out” unnecessary packaging in a 

recent report by the Sustainable Business Network [10]. It is expected that 

1700 workers and 70 companies could be affected by the ban on plastic bags 

alone [10]. This is a significant proportion of the 300 companies in New 

Zealand’s plastics industry.  
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One unique bioplastic manufactured in New Zealand is Novatein 

Thermoplastic Protein (NTP), which is a patented formulation [11] 

commercialised by Aduro Biopolymers. Novatein® is produced from a co-

product of the meat industry, bloodmeal, mixed with chemical denaturants 

and plasticisers to break bonds within and between protein chains and 

facilitate chain unfolding, to enable it to be processed like a thermoplastic. 

Currently, Novatein is injection moulded to produce parts utilised in the meat 

industry to prevent food contamination from the gastrointestinal track of 

animals [12]. It is readily compostable under conventional composting 

conditions [13], it does not require elevated temperatures like PLA or corn 

starch to compost, and it is renderable along with the offal into meat meal. 

This work examines the ability of Novatein to foam to expand its potential 

market into foam packaging. Foaming this material is a complex process and 

requires knowledge of thermoplastic foaming principles, thermoplastic 

processing and protein behaviour.  

Thermoplastic foaming is a three stage process consisting of bubble 

nucleation, growth and stabilisation [14]:  

Nucleation occurs when an accumulation of gas is unable to return to an 

equilibrium state through methods such as diffusion when a change in the 

surrounding conditions occurs. The gas will then form a spherical bubble as a 

means to restore equilibrium [15]. Homogenous nucleation occurs when gas 

evolves from a system where no gas cavities existed previously. The alterative, 

heterogeneous nucleation is more common and occurs when additives, such 

as talc, are used to provide a surface for nucleation thereby lowering the 

activation energy [16]. In polymers there is also the possibly of pseudo 

classical nucleation where a bubble nucleates from the gas (free volume) 

between polymer chains or through shear induced nucleation.  

Irrespective of the nucleation mechanism, once nucleated cell growth occurs 

through diffusion of the excess gas from the polymer. Bubble growth is 

influenced by many factors but the gas concentration, foaming temperature 

and the viscosity of the polymer are critical [17]. The bubble will cease to grow 
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when the gas in the surrounding polymer has been depleted. In order to 

provide gas for bubble growth chemical (e.g. azodicarbonamide and sodium 

bicarbonate) or physical blowing (N2, CO2, H2O and alkanes) agents are 

commonly used. As the gas in the surrounding polymer is depleted an increase 

in the viscosity of the surrounding polymer occurs which assists with 

preventing cell coalescence and bubble rupture.  

Stabilisation of the bubble structure is the final step and must take place 

before the gas within the bubble exceeds the polymers ability to withstand its 

growth, leading to cell rupture. Stabilisation is related to the glass transition 

temperature (Tg) and in order to stablise the material the temperature is often 

decreased to bring the material to below the Tg causing the structure to solidify 

[17]. Alternatively in materials processed near their Tg the loss of plasticiser 

may be sufficient to elevate the Tg  of the polymer also achieving stabilisation.  

The foaming window is different for semi crystalline and amorphous polymers 

due to their different softening behaviour. To have flow, the material must be 

above its Tg (associated with chain movement of the amorphous phase) and 

some materials are processed above their melt temperature (associated with 

melting of the lamellae and spherulites in semi-crystalline polymers) [18]. 

Both the Tg and melt temperatures can be measured through dynamic 

mechanical analysis (DMA) and differential scanning calorimetry (DSC). The 

degree of crystallinity can also be determined by DSC or through X-ray 

diffraction (XRD).  

Thermoplastic processing such as extrusion is typically influenced by rheology 

as the material experiences shear or extensional flow. Many polymers 

demonstrate shear thinning behaviour which is also temperature dependent 

[18]. Extensional forces are important during foaming and strain hardening of 

the material is a desirable property which usually arises from physical 

entanglements/branching [19]. Finally the polymer will also experience a 

decrease in viscosity in comparison to the neat polymer through the 

incorporation of a blowing agent. The blowing agent-polymer mixture should 

ideally be kept supersaturated prior to the die so that nucleation and growth 

only occur once the pressure is released [20]. 
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Thermoplastic proteins are different in their structure and function compared 

to conventional polymers. Protein thermoplastics can be considered semi-

crystalline but their crystallinity arises from the protein secondary structure 

(α-helices and β-sheets) and the amorphous component is more strictly 

speaking disordered (β-turns and random coils) [21, 22]. These materials still 

demonstrate a thermal transition analogous to those detected in traditional 

polymers [23, 24] and in the case of Novatein demonstrate shear thinning 

behaviour [25].  

Novatein is processable above its glass transition temperature (120 °C) but 

does not form a traditional melt and requires shear to enable processing. It 

also has a low melt strength compared to other polymers and can be easily 

broken following extrusion. The semi-crystalline nature of this material and 

the tendency of the protein to denature and crosslink at high temperature 

reduces the processing window for this material. Novatein also has a high 

extensional viscosity [25] which will impact bubble growth. The influence of 

the plasticisers added (water, urea and triethylene glycol) in foaming is 

unknown and these may be lost during foaming affecting foam production.  

The unique nature of this material provides a challenge for foaming. This may 

explain why few foamed protein thermoplastics exist. Foamed product from 

zein and gluten have used batch processing [26] but soy is the only other 

reported protein thermoplastic which has been foamed through extrusion or 

foam injection moulding [27-29]. The food industry has also investigated the 

mechanism behind protein elasticity for gluten which has been linked to its 

secondary structure [30, 31]. All of the proteins listed above have a lower 

content of β-sheets than bloodmeal and the presence of this rigid structure 

expected to have implications for foaming with higher β-sheet content linked 

to collapsed zein foams [32]. This highlights the influence of protein secondary 

structure on foaming and the need to consider this.  
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1.1 Thesis Objectives 

This study combines the principles outlined above to the foaming behaviour 

of Novatein. The specific objectives of this thesis are:  

1. Develop a reliable foaming method by investigating combinations of 

Novatein with nucleating and blowing agents and other polymers. 

2. Characterise and relate the morphology and mechanical properties of 

the foams to assess suitability for packaging applications.  

3. Evaluate the role of protein secondary structure and of blowing agents 

during foaming of a protein thermoplastic 

4. Examine the role of shear and extensional rheology in this system and 

its influence on foaming ability.  

1.2 Thesis Structure  

This thesis is structured into two parts: 1. Introduction and scoping 2. Factors 

affecting foaming. A diagram of the thesis structure is provided in Figure 1, 

which illustrates how each chapter contributes to the thesis objectives.  

Part 1: Introduction and Scoping  

The thesis begins with a review of protein foams (Chapter 2). This considers 

the use of proteins in a wide variety of foaming methods and provides an 

overview of the factors which affect both batch and foam extrusion methods. 

This review focuses specifically on studies which have foamed thermoplastic 

proteins or thermoplastic protein blends, providing a background to the 

experimental work.  

Chapter 3 consists of two short conference articles which outline the technical 

challenges faced during the scoping work. The first article outlines attempts to 

foam Novatein and Novatein blended with linear low density polyethylene 

(LLDPE) through extrusion. The blend was considered in an effort to reduce 

the viscosity of Novatein and provide melt strength.  

The second article examines foaming through free expansion by using an 

injection moulder and withholding the nozzle from the mould to maximise 
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pressure drop. Novatein, Novatein – LLDPE and another blend (Novatein with 

low density polyethylene) were foamed using water and sodium bicarbonate 

as blowing agents.  

The use of free expansion in the injection moulder proved promising for 

foaming pure Novatein which is the focus of Chapter 4. In this chapter, the 

foaming window for this material is investigated which proved to be very 

narrow. This study examines the resulting foam morphology and mechanical 

properties and considers the applicability of the Gibson and Ashby models for 

the mechanical properties of open and closed cell foams.  

Part 2: Factors affecting Foaming of Protein Thermoplastics 

Foaming of Novatein was thought to be linked to several factors including: 

protein secondary structure, thermomechanical behaviour and rheology. This 

forms the focus for the second part of the thesis which begins with a small 

review of methods used to obtain structural information for protein 

thermoplastics.   

Fourier transform infrared (FT-IR) analysis is often used to determine protein 

secondary structure. However, other techniques do exist which may be more 

suitable depending upon sample type. Chapter 5, discusses the use of circular 

dichroism, Raman spectroscopy, X-ray crystallography (wide and small angle 

X-ray diffraction), nuclear magnetic resonance (NMR) and FT-IR are discussed. 

Particular attention is paid to the protein sample state and methods and 

limitations of data interpretation as not all methods can be applied to protein 

thermoplastics. Of all methods FT-IR is the most versatile and simplistic for 

determining protein secondary structure in the solid state.  

Blood meal is also only one possible processing route for waste blood. Chapter 

6 discusses the application of FT-IR to blood meal and blood fractions (red 

blood cells, haemoglobin, plasma and bovine serum albumin). The analysis of 

these fractions will inform the understanding and processing of Novatein and 

the thermal behaviour of these fractions was investigated through differential 

scanning calorimetry (DSC), dynamic mechanical analysis (DMA), X-ray 

diffraction (XRD) and thermogravimetric analysis.  



8 
 

In Chapter 7, similar techniques to those used in Chapter 6 are applied to 

evaluate what changes have occurred within the material after foaming. The 

behaviour of blood meal, pre-processed NTP (PNTP) and extruded NTP (ENTP) 

have been previously studied but are included to establish relative changes in 

a foaming context and to overcome variability in the protein feed stock. FT-IR 

is first applied to foamed samples here to examine changes in secondary 

structure and plasticisation.  

Chapter 8 continues to build on the mechanism of how protein thermoplastics 

physically foam by examining foamed samples produced at different 

temperatures and therefore at different expansion ratios. This study uses FT-

IR in attenuated total reflectance (ATR) mode using globar and synchrotron 

light.  

Novatein rheology is examined in Chapter 9 in light of variable plasticiser and 

blowing agent content. This material does not form a traditional melt and the 

viscosity can only be measured using capillary rheology. The role of shear and 

extensional rheology are addressed in detail and supported by DMA. These 

results have been linked with foam expansion and final protein secondary 

structure.  

The final chapter (Chapter 10) contains a summary of the conclusions reached 

by this work. It aims to ingrate the conclusions reached in each study and to 

build an overall view of the aspects which need to be considered when foaming 

a protein thermoplastic. The chapter concludes with recommendations for 

future work.  
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Overview:  

Chapter 2 reviewed methods of producing protein plastic foams including batch 

and extrusion foaming. It aimed to provide an overview of work done in the field 

and to outline the factors which affect polymeric foaming and how these may relate 

to foaming protein thermoplastics.  

 

This chapter relates to the development of a foaming method (Objective 1), by 

outlining the relevant behaviour which must be considered for continuous foaming. 

This background understanding informs the rest of this work.  

 

Contribution: 

As first author for this publication the PhD candidate prepared the first draft of the 

manuscript, excluding the batch foaming section. Under the supervisors’ guidance and 

with the assistance of the co-authors the manuscript was revised and edited.  

Permission:   

Reproduced with the permission of Bentham Science Publishers.  
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Extrusion foaming of protein-based thermoplastic and polyethylene blends 

Overview: 

To improve the melt strength and to lower the viscosity Novatein was blended with 

linear low density polyethylene (LLDPE) and compatibilised with polyethylene 

grafted Maleic Anhydride (PE-g-MaH) and extrusion foamed. In this study sodium 

bicarbonate was evaluated as a possible blowing agent and the effect of extrusion 

temperature was evaluated.  Expansion was poor due to gas escaping through the 

extruder feed hoper.  

 

This presents some of the early scoping work which was conducted during the 

development of a foaming method (Objective 1).  

 

Contribution: 

As first author for this publication the PhD candidate conducted all experimental 

work, data analysis and prepared the first draft of this manuscript. Under guidance 

from the supervisors the manuscript was revised and edited.  

 

Permission:   

Reproduced from Gavin, C., Lay, M. C., & Verbeek, C. J. (2016, March). Extrusion 

foaming of protein-based thermoplastic and polyethylene blends. In AIP Conference 

Proceedings (Vol. 1713, No. 1, p. 100003). AIP Publishing., with the permission 

of AIP Publishing. 
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Foaming behaviour of Novatein and blends with polyethylene compatibilised by 

maleic anhydride 

Overview: 

To lower the melt viscosity Novatein, Novatein – LLDPE and another blend 

(Novatein with Low Density Polyethylene) were foamed under free expansion in an 

injection moulder by withholding the nozzle from the mould. The LDPE blend was 

added to assess whether foaming could be improved by incorporating chain 

branching. The injection moulder prevented excessive gas loss and improved the 

pressure drop and pressure drop rate aiding foaming.  

 

This presents some of the early scoping work which was conducted during the 

development of a foaming method (Objective 1).  

 

Contribution: 

As first author for this publication the PhD candidate conducted all experimental 

work, data analysis and prepared the first draft of this manuscript. Under guidance 

from the supervisors the manuscript was revised and edited 

 

Permission:   

Reproduced from Gavin, C., Lay, M. C., & Verbeek, C. J. (2017, December). Foaming 

behavior of novatein and blends with polyethylene compatibilised by maleic 

anhydride. In AIP Conference Proceedings (Vol. 1914, No. 1, p. 060002). AIP 

Publishing, with the permission of AIP Publishing. 
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Overview: 

Foaming is often dependent upon foaming temperature. This work aims to assess 

the effect of temperature during foaming of Novatein, to establish the maximum 

expansion ratio and to evaluate the compressive properties of the resulting foams.   

 

This chapter presents the improved foaming method and resulting mechanical 

properties of Novatein foams. It therefore relates to the development of a foaming 

method (Objective 1) and to understanding the relationship between foam 

morphology and mechanical properties (Objective 2).  

 

Contribution: 

As first author for this publication the PhD candidate conducted all experimental 

work, data analysis and prepared the first draft of this manuscript. Under guidance 

from the supervisors the manuscript was revised and edited.  

 

Permission:   

Reprinted by permission from Springer Nature Customer Service Centre GmbH: 
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C. Gavin, C.J.R. Verbeek, M.C. Lay, Morphology and Compressive Behaviour of Foams 
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Abstract 

Novatein® is a patented thermoplastic biopolymer produced from denatured haemoglobin 

and serum albumin proteins, in blood meal. This material is biodegradable after processing, 

and when foamed could provide an alternative to expanded polystyrene and polyurethane for 

short term applications such as packaging. This study aims to investigate the effect of 

processing temperature on foam density and morphology and how these properties effect 

compression behaviour. Unconstrained rapid expansion produced a range of foam densities, 

0.28-0.45 g/cm3, which were strongly dependant on temperature. The foams had compressive 

strengths between 200 to 600 kPa and an elastic moduli between 2.2-8 MPa. Under 

compression, high density foams behaved like traditional plastic foams, while at low density 

they behaved more elastomeric. Models for open and closed cells successfully predicted the 

compression modulus and strength in the linear elastic region. The foams demonstrated a 

mixed mode morphology (open and closed cells) and an irregular distribution of cells, which 

explained the deviation from the models. 

 

Introduction 

Novatein® is a patented thermoplastic 

biopolymer produced from blood meal, 

water, urea, denaturants and plasticizer 

[1,2]. This material is biodegradable after 

processing and is a promising alternative 

to polymeric foams for short term 

applications such as packaging. Other 

biopolymers which have been considered 

as replacements for foamed petrochemical 

polymers include: poly-lactic acid (PLA) 

[3-5], starch [6-10], poly-

hydroxyalkanoates (PHA) [11,12], 

polyhydroxybutyrate (PHBV) [13,14], 

polycaprolatones [15,16], and some 

protein thermoplastics (and their blends) 

[17-20].  

Factor such as pressure, temperature and 

viscosity [21] govern bubble nucleation 

and growth [22,23] due to their influence 

on gas solubility and diffusivity [24], and 

chain movement. Specifically, increasing 

temperature increases gas solubility, 

diffusivity, and volatility, while 

simultaneously decreasing viscosity, 

surface tension, and density and affecting 

cell size distribution and shape until the 

polymer is not viscous enough to retain the 

bubbles [25,26]. The influence of 

processing temperature and pressure on 

foam expansion, morphology and 

compressive behavior is well understood 

for traditional polymers, and has been 

studied for polylactic acid (PLA) [27] and 

starch [8] foams. These effects however 

are not well established for protein foams 

as there are only a few studies of 

thermoplastic proteins which have not 

been blended with other biopolymers to 

facilitate foaming. Comparing these 

studies is further complicated by the 

different foaming methods used.  

mailto:verbeek@waikato.ac.nz
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The effect of temperature during the batch 

foaming of thermoplastic Zein and Gelatin 

has been examined by Salerno et al. For 

thermoplastic Zein at constant pressure 

and pressure drop rate (PDR), they 

determined that foaming temperature 

affected foam density (0.1-0.65 g/cm3) and 

cell size (~45 μm) and that there was an 

optimum temperature region 70-80 °C 

after which the cells shrunk. Similar 

results were observed for thermoplastic 

gelatin. Foams with densities of 0.55- 0.70 

g/cm3 were produced at higher foaming 

temperatures (100-140 °C) with an 

average cell size of less than 20 μm. In 

comparison sheets of soy protein foams 

with densities between 0.4-0.6 g/cm3 have 

been produced via extrusion at 150-160°C 

[17]. This material can also be foamed into 

a mold at temperatures between 120-160 

°C resulting in moulded articles with 

densities between 0.1-0.5 g/cm3. The 

resulting compressive strength is between 

140-300 kPa with a modulus of 1.7-4.6 

MPa [20]. To the authors knowledge there 

are very few studies which assess the 

effect of temperature on the foaming 

ability and foam morphology for protein 

based foams, produced by any method, 

which also examine their compression 

behavior 

Typical thermoplastics demonstrate either 

elastomeric or plastic behaviour under 

compression where a region of linear 

elasticity is observed followed by a plateau 

of either elastic buckling or plastic yielding 

before densification. Polyurethane and 

polyethylene foams are typically 

elastomeric, polymethacrylimid foams 

deforms plastically and starch foams 

exhibit brittle failure under compression 

[28]. Each type of behavior is due to 

differences in the energy absorbing 

mechanism and whether or not the foam 

consists of open or closed cells. The linear 

elastic deformation is due to the edges of 

open cells bending and face stretching in 

closed cells, whereas elastic buckling or 

plastic yielding is due to cell collapse. If the 

foam is elastomeric and predominately 

open celled, they will collapse by bending 

at almost constant load, resulting in a long 

plateau in comparison to closed cells 

where the contribution of the gases within 

the cells results in a slightly positive 

gradient in this region. For this case the 

edges of the cells buckle while the corners 

remain rigid. In comparison, plastic 

collapse is preceded by yielding where the 

edges are considered to be rigid, hinging at 

the corners [28]. 

Biopolymer foams have comparable 

mechanical properties to traditional foams 

[3]. Compressive modulus for both EPS 

and EPLA at similar densities is between 3-

6 MPa while compressive strength is 80 – 

150 kPa. The compressive properties of 

these materials increases with foam 

density.  This relationship has been 

extensively modelled, by the most widely 

applicable is the Gibson and Ashby model.  

This model considers the mechanical 

properties to be a combination of the 

matrix’s properties, foam density, the ratio 

of open vs. closed cells, and the amount of 

solid material within the wall structures 

[28]. The main limitation of this model is 

that it does not account for cell size or 

shape. Other models such as Mills and Liu 

[29] do so, but are most successful for 

foams with uniform cell size and shape. 

The Christensen and Lo model has also 

been applied to polyurethane foams but 

requires knowledge of the polymer 

viscoelastic properties and Poisson’s ratio 

[30-32]. Finite element analysis has also 

been used to analyze foams and can 

provide a better understanding of the 

behaviour of the foam under compression 

but requires either a uniform cell structure 

or a model of the real foam structure [33].  

Novatein® has been recently processed 

into a foamed product with a wide range of 

densities, cell morphologies and cell sizes 

during initial scoping work. This study is 

unique as it is a combined assessment of 

processing conditions, foam morphology 

and compressive behavior for a 

thermoplastic protein foam. It aims to 

identify the behavior of these foams under 

compression and how they differ to 
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classical behavior of petrochemical 

polymers, as predicted by the Gibson and 

Ashby model.  

Methodology 

Materials 

Novatein Thermoplastic Protein (NTP) 

granules were provided by Aduro 

Biopolymers, New Zealand. It is a patented 

blend, produced by combining a protein 

source (blood meal) with an aqueous 

solution containing water, sodium 

sulphite, sodium dodecyl sulphate, urea 

and triethylene glycol as a plasticizer [1]. 

This specific formulation, Novatein crude, 

contains approximately 40 parts water, 10 

parts urea and 20 parts triethylene glycol 

per 100 grams of blood meal. The water 

and urea used in production have the 

potential to act as blowing agents and 

previous scoping experiments showed 

that no additional blowing agents were 

required to foam this material.  

Foaming 

Foaming is greatly affected by 

temperature, pressure, ejection rate, and 

residence time. Many of these factors are 

dependent on each other. The rate of 

pressure drop is related to ejection speed, 

while temperature effects the rate of 

plasticisation, and consequently the 

residence time of the material in the 

barrel. This study primarily focused on the 

effect of processing temperature when 

foaming.  

Foamed Novatein was produced under 

free expansion through a capillary nozzle 

2.5 mm in diameter and 25 mm in length. 

This was conducted using a BOY 35A 

injection moulder by withholding the 

nozzle from the mould, to maximize the 

pressure drop when the material was 

ejected (Figure 1). As a result, moulding 

parameters including mould temperature 

and cooling time could be ignored. 

Scoping experiments established a range 

of ejection speeds (120-150 mm/s), and 

cycle times (60-90 seconds) that enabled 

foaming. Cycle time, in this case, is not 

determined by the residence time in the 

mould. Instead, it combines the time taken 

to plasticise the material at 150 rpm, while 

the screw moves back, and the residence 

time of the material in the barrel prior to 

ejection (holding time).  

For this study ejection speed was set to 50 

mm/s to create the greatest rate of 

pressure drop rate (otherwise referred to 

as pressure gradient), and the total cycle 

time was approximately 90 seconds to 

mitigate any variability in plasticisation 

time (approx. 20 seconds). The feed zone 

remained constant at 100°C to prevent 

bridging and irregular feeding. The shot 

size, 90 mm, experienced a pressure drop 

of 13 MPa at the die and a corresponding 

pressure gradient of approximately 24 

MPa/s. No back pressure was applied to 

the system.  

 

 

 
Figure 1: Heating zones of the BOY 35-A injection moulder. 
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Experimental Design 

From scoping studies, foaming was 

achieved when the material was heated 

above 150 °C which is 20°C above normal 

processing temperatures for injection 

moulding Novatein. It was also observed 

that increasing temperatures improved 

the expansion of this material.  

The current study was conducted in two 

parts. In the first part, a constant 

temperature in zones 2-5 (Table 1) was 

used, while the second examined the effect 

of decreasing the temperature in zone 2. 

As plasticisation took approximately 20 

seconds to occur, the material resided in 

this zone for a long time, which may affect 

expansion by altering the properties of the 

melt, and blowing agent evolution. These 

profiles were selected as the plinth and 

nozzle (zones 4 and 5 respectively) and are 

not independently cooled making it 

difficult to maintain lower temperatures 

due to heat transfer from the adjacent 

zone. 

Table 1: Temperature profiles used.  

 

Trial 
Part A Part B 

zone 2-
5 

zone 2 
zone 3-

5 

1 150  
2 155  
3 160  
4 165  
5 170  
6  130 155 
7  130 160 
8  130 165 
9  145 155 

10  145 160 
11  145 165 

The resulting foams were characterised by 

determining density, cell morphology and 

compressive behaviour. Further 

investigation of mechanical behaviour and 

changes to the matrix were determined 

using dynamic mechanical analysis.  

Foam Characterisation 

The foams were cut into blocks 

approximately 25 x 25 x 20 mm3 to 

characterise density and expansion ratio. 

Following conditioning at 23 °C and 50% 

relative humidity for two weeks, the 

average density was determined using 10 

blocks. The volume of each block was 

measured using Vernier callipers and each 

sample was weighed. The density (g/cm3) 

was calculated and the expansion ratio 

was based on the unfoamed density of 

Novatein (1.2 g/cm3).  

Cell morphology of the resulting foams 

was examined at both low and high 

magnification. Optical microscopy was 

used to observe the cellular structure at 

6.4 and 16 times magnification, while 

scanning electron microscopy was used to 

observe higher magnifications of between 

35 and 1000 times. Low magnification 

images were taken using a Wild M38 

microscope (Wild Heerburgg, 

Switzerland) equipped with image capture 

capabilities through a Nikon Digital Sight 

Camera. High magnification images were 

produced through the use of platinum 

sputter coated samples on a Hitachi S-

4700 SEM with an acceleration voltage of 

20 kV.  

Compression Analysis 

Conditioned foamed blocks were 

compression tested on a Lloyd tensile 

tester between two compression plates. 

Samples were orientated such that the 

greatest surface area was in contact with 

the compression plate to minimise 

buckling effects. A 1 kN load cell was used 

and the deformation rate set to 2.5 ± 0.1 

mm/min. Deformation of the material was 

carried out until 25% of the initial sample 

height had been compressed according to 

ASTM standard D1621. Compression 

strength and elastic modulus were 

calculated using the method outlined in 

the standard for a material which did not 

display yielding. Compressive strength 

was determined by extending back the 
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steep linear region of the load deformation 

curve, then finding the corresponding load 

after adding 10% deformation and 

dividing by the sample height. Elastic 

modulus (Pa) was calculated according to 

load (N) x height (m) divided by area (m2) 

x deformation (m) using the slope of the 

linear elastic region. Blocks of 

polyurethane (Eco Pour Foam) and 

polystyrene (Waikato Sheet Plastics), both 

with relative densities of 0.03, were also 

tested as reference materials. The 

compressive strength for this material was 

183 kPa while that of polystyrene was 

125-130 kPa.  

Repeated compression tests were 

conducted (to 25% deformation, using the 

same procedure as outlined above) after 

letting the Novatein Foams recover for five 

minutes between testing. Foam height was 

measured upon the removal of the load 

and prior to the next test. The repeated 

compression tests were conducted five 

times or until densification of the foamed 

product was observed.  

Dynamic Mechanical Analysis 

To measure the behaviour of the matrix 

after foaming, powder pocket DMA 

analysis was conducted in a single 

cantilever configuration using a 

PerkinElmer DMA 8000 equipped with a 

temperature controlled furnace which was 

regulated by Pyrius software. Conditioned 

powdered samples (approximately 50 mg) 

were crimped in stainless steel pockets, 

heated to 25°C and allowed to equilibrate. 

The temperature was then increased at a 

rate of 2 °C/min up to 150 °C. Multi-

frequency data was collected between 0.1- 

30.0 Hz with a dynamic displacement of 

0.05 mm.  

Whole foams were also analysed using the 

single cantilever configuration following 

conditioning. Samples were cut from the 

bulk foam, with the approximate 

dimensions of 25 mm x 7 mm x 4mm. Tests 

were performed with a displacement of 

0.01 mm at a frequency of 1 Hz. Loss 

modulus and storage modulus were 

characterised for temperatures between 

25-150 °C. The foams were also tested 

isothermally at 25 °C under the same 

conditions for 120 mins, equating to 7200 

cycles.  

Results and Discussion 

Establishing a Processing Window 

Foaming depends upon the nature or the 

polymer (amorphous vs. semi crystalline) 

and the rheology of the melt; including 

melt strength and viscosity. Novatein is a 

biopolymer made from denatured protein, 

which demonstrates shear thinning 

behaviour similar to LDPE. As temperature 

increases the apparent viscosity has been 

shown to decrease [34] and more moisture 

loss occurs. As a thermoplastic, this 

material still retains α-helical and β-sheets 

structures which constrain chain 

movement [35]. Novatein therefore 

behaves similarly to a semi-crystalline 

polymer when foamed between its glass 

transition temperature and melting point. 

Initial scoping experiments showed that 

pressure gradient, cycle time and 

temperature affected foam expansion. 

Pressure gradient (MPa/s) is dependent 

on ejection speed. For Novatein, the best 

expansion was achieved when the ejection 

speed was high (40-50 mm/s), this 

maximised the pressure gradient, which in 

turn, aided nucleation [36]. The pressure 

gradient remained constant (24 MPa/s), 

irrespective of temperature when the 

ejection speed was high. However for 

lower ejection speeds, with the same shot 

size, the pressure gradient was less when 

the temperature of the material was 

higher, i.e. more molten. Consequently the 

pressure gradient varied with 

temperature and while the material was 

still capable of foaming, expansion was 

noticeably less.  

Cycle time (plasticisation time and hold 

time combined) also affected foam 

expansion. For initial trials holding time 

was short to minimise protein 
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degradation. It was observed that 

plasticisation time varied greatly for 

different temperatures and appeared to 

dictate foaming i.e. the longer the material 

took to plasticise the more expanded the 

product. To minimise this effect on foam 

expansion a longer holding period was 

used to mitigate these effects by making 

the total residence time of the material in 

the barrel approximately constant, 90 

seconds. Longer cycle times overall, also 

increased the expansion of the foam. 

Therefore, foaming of this material was 

carried under free expansion with an 

ejection speed of 50 mm/s, pressure 

gradient of 24 MPa/s and a cycle time of 90 

seconds to investigate the effect of 

temperature.  

Effect of Temperature  

Two temperature studies were performed: 

the first used constant temperatures 

across the zones between 150-170°C while 

the second investigated the effect of 

lowering the temperature in zone 2. 

Altering this temperature was expected to 

change the properties of the melt and 

amount of blowing agent evolved, which 

usually results in an optimal foaming 

temperature. If the processing 

temperature is too low, the viscosity 

remains high and the rate of blowing agent 

evolution is too slow for effective foaming. 

While increasing the temperature 

excessively, to lower viscosity or to 

increase blowing agent evolution (water 

evaporation), will cause protein 

degradation. . 

From these experiments, in Part A, a 

temperature range for foaming was 

established between 155-165°C. These 

temperatures are above the normal 

processing temperature for solid Novatein 

articles (130°C) and resulted in foams with 

an irregular appearance and a lighter 

colour than solid Novatein (Figure 2). 

Foaming at 155 °C produced a foam with a 

density of 0.41 g/cm3 while 160 °C 

lowered the foam density to 0.32 g/cm3 

(Figure 2). Further increasing the 

temperature to 165 °C resulted in foams 

with densities as low as 0.25 g/cm3, 

equating to an expansion ratio of 

approximately 5. Processing at 

temperatures higher than reported here 

was difficult due to protein degradation 

and loss of material from the die. The 

second experiment (Part B) showed that 

zone 2 had a minimal effect on expansion, 

suggesting that higher temperatures later 

in the barrel dictated foaming. 

  

 

 

Figure 2 A Foam density vs. foaming temperatures with representative images of foamed 

blocks of Novatein. B Material transitions identified by DMA analysis of powdered samples.  
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Table 2: Density and expansion ratios of 

NTP foams in a conditioned state. Density 

reported in g/cm3, with standard deviation 

reported in brackets and expansion ratio 

(ER). 

Trial Density ER 

1 Insufficent foaming 
2 0.45 (0.04) 2.68 (0.24) 

3 0.31 (0.05) 3.90 (0.59) 

4 0.25 (0.06) 5.05 (1.25) 
5 Material degraded 
6 0.41 (0.08) 3.03 (0.58) 
7 0.32 (0.09) 3.93 (0.95) 
8 0.31 (0.04) 3.93 (0.58) 
9 0.45 (0.06) 2.70 (0.32) 

10 0.35 (0.12) 3.69 (1.16) 
11 0.31 (0.04) 5.05 (1.25) 

While water was the main blowing agent 

which flashed as the material exited the 

die, an ammonia smell was also detected 

during processing. This was either as a 

result of urea hydrolysis or the protein 

itself. Urea hydrolysis occurs within the 

same temperature range, and the 

residence time of 90 seconds would 

provide time for urea to convert to 

ammonia and carbon dioxide. The role of 

urea within this foaming system will be the 

subject of a further investigation and was 

not heavily focused on here. 

While the foaming temperature had a 

significant effect on foam density, no 

changes were observed in the transition 

temperatures of the conditioned matrix, as 

determined by DMA analysis (Figure 2). 

Irrespective of foaming temperature the 

matrix demonstrated a glass transition at 

55°C and another transition at 110 °C, 

relating to movement of amorphous chains 

still constrained by crystalline regions. 

This analysis establishes that the 

properties of the matrix can be considered 

comparable for all foams.  

Cell Morphology 

All the foams showed a mixture of foamed 

and solid Novatein regions with both open 

and closed cells (Figure 3) and a range of 

sizes from <10 μm up to 4 mm in diameter. 

The majority of cells were smaller than 0.2 

mm2 (500 μm diameter). Higher foaming 

temperatures promoted a greater number 

of larger cells leading to greater foam 

expansion. For all samples the cell size 

distribution appeared bimodal with the 

majority of cells around either 100 μm in 

diameter or less than 30 μm (Figure 4). 

The bimodal distribution of cell sizes 

arises from nucleation continuing 

throughout the foaming process, provided 

gases are still available. Their smaller size 

can be attributed to gas depletion or the 

reduced time they have to expand before 

stabilization. The increased cell size at 

higher temperatures is most likely a 

combined effect of a reduction in gas 

density and potentially a greater rate of 

cell coalescences at higher temperatures.  

The irregular distribution of the cells 

observed and the non-uniformity of the 

foam is most likely due to the semi-

crystalline nature of Novatein which is not 

disrupted fully in the polymer melt. This 

promotes heterogeneous nucleation and 

constrains bubbles in some regions of the 

material preventing a uniform foam 

forming.  

The cells are also elongated due to the 

shear experienced during manufacture. 

This effect is more evident at high foaming 

temperatures where there is more cells of 

a higher aspect ratio. These elongated 

structures may be linked to rapid 

stabilization of the foam upon exiting the 

die, due to a rapid loss of water (flashing). 

This would result in insufficient time for 

the cells to reach a spherical equilibrium 

conformation. While these foams have 

elongated cells on a microscopic level they 

are randomly oriented within the foam, 

therefore the foam is unlikely to have 

anisotropic properties. Irregular foam 

structures have been previously observed 

for foams produced by continuous 

methods, including soy protein isolate, 

zein and millet flour and soy with PLA 

[17,37,38]. 
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Figure 3: Foam morphology by temperature at both low and high magnification. 

 

 

Figure 4: Cell diameter and cell aspect ratio as a percentage of observed cells.  

 

Compression Behaviour 

Under compression, polymeric foams 

demonstrate linear elasticity (at small 

deformations), a clear plateau (once the 

linear elastic limit has been exceeded), and 

eventually densification. Their behaviour 

can be broadly classified as either plastic 

or elastomeric depending upon their 

performance under load and whether they 

demonstrate a yield point (Figure 5A). 

Yielding can be observed in plastic foams 

as a local maxima prior to the plateau 

region however at low densities this 

become less distinct and compression 

curves appear closer to elastomeric in 

nature [28]. In reality many foams 

demonstrate intermediate behaviour 

depending upon compression rate, 

temperature and foam morphology [39]. 
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Figure 5: A. Examples of compression curves for plastic and elastomeric foams [26]. B. Stress 

vs. deformation for Novatein foams under compression and the effect of relative density. 

Polystyrene and polyurethane reference samples shown as insert. 

Despite the lack of a clear yield point under 

compression (Figure 5B), Novatein foams 

behaved more like a low density rigid 

plastic foam than an elastomeric foam 

according to the two criteria outlined by 

Gibson and Ashby [28]. The first criteria is 

an inequality which identifies when a foam 

will experience elastic collapse (cell edge 

bending and stretching of the faces of 

closed cells) prior to the onset of plastic 

collapse (the struts of the cell yield and the 

membranes collapse). By definition 

elastomeric foams always meet this 

condition. For Novatein foams, this 

inequality (Equation 1) was never satisfied 

between the relative densities of 0.15 and 

0.45 confirming that the foams 

demonstrated plastic behavior only. 

0.05𝐸𝑠 (
𝜌

𝜌𝑠

)
2

< 0.3 𝜎𝑦,𝑠  (
𝜌

𝜌𝑠

)
3/2

 (1) 

Where:  Es is the elastic modulus of the 

solid (250 MPa), σy,s the yield strength of 

the solid ( 4-7 MPa), ρ is the density of the 

foam (g/cm3),  and ρs is the density of the 

unfoamed solid (g/cm3). 

According to the second criteria the onset 

of densification occurs much earlier for 

elastomeric foams (relative density of 0.3) 

than plastic foams (0.5). Novatein foams 

with a relative density of 0.35 still 

demonstrated a steep plateau (Figure 5B) 

while foams of 0.45 appeared to have 

densified immediately. If the foams were 

elastomeric in nature, Novatein foams 

with a relative density above 0.3 should 

show densification behavior, which they 

do not. Therefore this criteria supports the 

conclusion that low density Novatein 

foams are not elastomeric and 

demonstrate plastic behaviour. Plastic 

behavior is more desirable for energy 

absorbing applications such as foaming 

and may enable the foam to be compressed 

multiple times before failure.  

Effect of Relative Density 

The shape of the compression curve also 

changes with relative density for lower 

density foams (Figure 5B) and the elastic 

modulus and compressive strength of the 

foams is affected accordingly. Novatein 

foams with low relatively densities (0.15) 

have a longer linear elastic region at low 

stress, as the relatively density increases 

the length of the linear elastic region 

shortens and the material increases in 

strength. When the relatively density 

reaches 0.45, the material does not 

demonstrate a plateau within 25% 

deformation and appears to immediately 

densify. At this point the material behaves 

less like a foam and more like a solid (a 

solid containing voids). Similar changes in 
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compression behaviour with relative 

density have been observed in 

polyurethane foams [32].  

Low density polyurethane and 

polystyrene samples have also been 

included for comparison. The polystyrene 

sample quickly exceeds the linear elastic 

zone (at less than 5% deformation), with a 

flat plateau region while the polyurethane 

sample had a longer elastic region and a 

slightly inclined plateau. The behaviour of 

Novatein foams appears to shift between 

the two samples and their behaviours with 

relative density. Novatein foams with a 

relative density of 0.15 are similar in 

nature to the polyurethane sample, 

however at higher densities this behaviour 

becomes more similar to the polystyrene 

in comparison. While the density of 

Novatein foams is higher than polystyrene 

or polyurethane foams, these results 

suggest that foams can be manufactured 

for specific applications with desirable 

mechanical properties.   

General Compressive Properties 

Foams were conditioned prior to testing in 

accordance with ASTM standards to 

mitigate the effect of water which can alter 

the properties of biopolymers. As a result 

of conditioning, water was lost from the 

thermoplastic material (which acts as a 

plasticiser) and the matrix became more 

rigid in nature. The conditioned foams 

demonstrated elastic moduli between 1.3 - 

3.8 MPa (Figure 6A) and compressive 

strengths between 200 – 600 kPa (Figure 

6B). Greater values of compressive 

strength or elastic moduli correlated with 

higher foam densities.  The rate of change 

in compressive strength vs relative density 

is steeper than for other foams reported in 

literature, for example PU and PVC. 

Likewise, the rate of change in the 

compressive modulus is also greater. 

However, the relative density of PU and 

PVC foams is an order of magnitude less 

than that of Novatein foams which may 

explain why these properties change at a 

greater rate.  

The best comparison for the performance 

of these protein foams is foams made from 

thermoplastic soy protein isolate. These 

foams have been produced through a 

similar method and their densities ranged 

between 0.1 - 0.5 g/cm3 [20]. The 

compressive strength of these foams was 

reported to be between 140 - 300 kPa, 

with a compression modulus of 1.7 - 4.6 

MPa, which is very similar to Novatein 

foams and is comparable to other 

biopolymers.  

Modelling Compressive Behaviour  

The compressive properties of Novatein 

foams were modelled using the Gibson and 

Ashby’s model as it was the best suited to 

the morphology of these foams which 

included un-foamed regions, a mixture of 

open and closed cells, a bimodal cell size 

distribution and elongated cells. For the 

purpose of modelling, the elastic modulus 

of the solid was set at 250 MPa and the 

yield strength of the solid was 8 MPa, 

based on previous work on Novatein [40]. 

Through non-linear regression, the 

parameters for the open and closed cell 

models for the elastic modulus were 

determined (Table 3). The predicted 

elastic modulus as a function of relative 

density is shown in Figure 6A. The closed 

cell model provided a slightly better fit, 

based upon sum of squared errors which 

matches the observed foam morphology.  

The closed cell model for the linear elastic 

region (Equation 3) includes the open cell 

model (Equation 2) as the first term as well 

as a contribution factor,  (the fraction of 

material in the cell edges). For the case 

presented here, the gas related term has 

been ignored for the closed cell model as 

many of the cells have incomplete cell 

walls and the pressure difference is 

expected to be small. Furthermore, all the 

foams were mixed mode containing both 

open and closed cells, suggesting that  is 

not zero.  
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Table 3: Fitted model parameters where SSE is the sum of square errors.  E is the elastic 

modulus of the foam (MPa), Es is the elastic modulus of the matrix (MPa), σ the compressive 

strength of the foam (MPa), σy,s the yield strength of the solid (MPa), ρs is the density of the 

unfoamed solid (g/cm3) and ρ is the density of the foam (g/cm3), and C1, C1’, C2 and C2’ are 

empirical coefficients. 

  Elastic modulus 

Model   C1 C1’  SSE 

Open Celled 
𝐸

𝐸𝑠
=  𝐶1 (

𝜌

𝜌𝑠
)

2

 (2) 0.2 - - 25.0 

Closed Celled 
𝐸

𝐸𝑠
=  𝐶1𝜙2 (

𝜌

𝜌𝑠
)

2

+ 𝐶1
′(1 − 𝜙) (

𝜌

𝜌𝑠
) (3) 0.255 0.09 0.7 19.00 

  Compressive strength 

Model   C2 C2’ σs  SSE 

Open Celled 
σ

𝜎𝑦,𝑠
=  𝐶2 (∅

𝜌

𝜌𝑠
)

3
2

 (4) 0.54 - 8 - 0.188 

Closed Celled 
σ

𝜎𝑦,𝑠
=  𝐶2 (∅

𝜌

𝜌𝑠
)

3
2

+ 𝐶2
′(1 − ∅)

𝜌

𝜌s
 (5) 0.57 1 5.7 0.7 0.105 

The compressive strength was also 

modelled for both open and closed cells 

(Figure 6B). The closed cell model and 

open cell model both appeared to fit the 

data reasonably well. For the closed cell 

model, the fraction  = 0.7, was determined 

by modelling the linear elastic region and 

had a marginally lower sum of squared 

errors. 

One of the limitations of these models is 

that they do not account for how the cells 

are arranged in the foam, the average cell 

size or the corresponding wall thickness. 

Therefore, foams of similar density can 

have very different morphologies, which 

affects their load bearing capacity and 

explains the variability observed in the 

experimental data. This effect is seen for 

foams with the same relative density 

(0.25), which have slight variation in their 

compressive properties. A foam of 

comparable density could appear more 

rigid (higher elastic modulus) if there are a 

few very thick struts amongst the foamed 

material. Likewise, a lower stiffness and 

compressive strength may occur if the 

foam was contained more open cells. The 

goodness of fit for both these models is 

therefore reasonable. 

 

 

Figure 6: A Elastic modulus with open and closed cell models shown. B Compressive strength 

with open and closed cell models shown.  
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The models have also been noted to fail for 

very low or very high density foams 

(relative densities of 0.04 and 0.3 in rigid 

plastic foams). This is due to elastic 

collapse commonly preceding plastic 

collapse at very low densities and the 

inaccuracy associated with modelling 

foams as a regular arrangement of cubic 

cells [28]. At relative densities above 0.3, 

modelling the foam as a series of struts is 

no longer appropriate and the material 

should be considered as a solid containing 

voids. 

These models are best suited to foams 

which have a regular arrangement of 

either open or closed cells. For irregular 

foams, with both open and closed cells 

such as Novatein, the behaviour could be 

closer to one of the two extremes or in-

between, depending upon the contribution 

of the wall structures. In this case, the 

closed cell models appear to be the most 

appropriate fit indicating that the cell 

walls/faces, contribute to the compressive 

strength and elastic modulus 

Cyclic Compression 

Some polymeric foams demonstrate 

recovery after repeated compression 

allowing them to be cyclically loaded 

upwards of 100 times across their useful 

life. After repeated compression, Novatein 

foams regained the majority of their height 

within five minutes after compression (93-

97%, Table 4) however, they did not 

always regain their compressive strength 

(Figure 7). Typically these foams could 

withstand two to three compression cycles 

before losing integrity. Figure 7A and C 

show the behaviour of a high and low 

density foam which have been repeatedly 

compressed. The figure includes the initial 

compression test, the result after five cycle 

and the cycle which demonstrated 

intermediate behaviour.  

For the high density foam, cycles 1 and 2 

were identical, however, a change in the 

shape of the compression curve was 

observed by the third cycle. This behaviour 

was reflected in the height of these 

samples (Figure 7B). The foam recovered 

most of its height between cycle 1 and 2 

(97%) but then decreased at a steeper rate 

than the low density foam (Figure 7D, 

Table 4). The difference between the two 

samples was that the low density foam 

demonstrated intermediate behaviour 

earlier (by the second cycle) which was 

also reflected in the height recovery. 

Initially, between cycles 1 and 2 for the low 

density foam, the sample only recovered 

93.5%, however for the following cycles, 

height recovery decreased a further 4.5%. 

I.e. the change is less, and all the damage 

done to the low density foam occurred in 

the first cycle. However, overall this 

change in behaviour is probably more 

significant for the higher density foams as 

the compressive strength of the low 

density foam is a third of the high density 

sample.  

This is consistent with other plastic foams 

where non-recoverable deformation of the 

cell edges (plastic deformation/ yielding) 

and cell faces occurs such that 

compressive loads cannot be supported. 

Effectively the number of load supporting 

cell walls is reduced with each cycle and 

limits the applications of these foams to 

short lived applications.  

Similar results have been observed for 

other cyclic loading of thermoplastic 

wheat gluten foams containing carbon 

nanotubes [41], which took a similar 

number of cycles to densify. Denser foams 

retained their ability to be repeatedly 

compressed longer than low density 

foams. This could be explained by higher 

density foams having a mixture of thicker 

cell walls or regions of unfoamed Novatein 

which continue to provide support after 

the rupture of finer walled cells. Low 

density foams have a larger cell size and 

thinner walls which are broken during the 

first compression of the foam. 
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Figure 7: Repeated compression tests (A and C) and recovery (B and D). A and B: High relative 

density foam 0.35, C and D: Low relative density foam 0.15.  

Table 4: Height recovery properties of Novatein foams by relative density.  

 Repeat 1 Repeat 4  

Relative 
density 

Immediate 
recovery 
 (6 mins) 

End of the 
recovery 

time 
 (10 mins) 

Immediate 
recovery 

 (36 mins) 

End of the 
recovery 

time 
 (40 mins) 

Slope 
between 

points 2-5 

0.45 92.0 % 95.9 % 90.9 % 93.3 % -0.087 
0.35 92.8 % 97.1 % 84.3 % 91.3 % -0.193 
0.25 91.6 % 97.2 % 85.3 % 92.3 % -0.163 
0.15 88.0 % 93.5 % 82.8 % 89.0 % -0.153 

Dynamic mechanical analysis confirmed 

that, similar to other foams, modulus 

increased with increasing density (Figure 

8A) [32,42]. There is also evidence of a 

thermal transition at about 105 °C, where 

the drop in storage modulus correlates 

with the end of the second transition 

observed using powder pocket analysis 

(Figure 2B). Below this temperature the 

storage modulus was relatively constant, 

except for the lowest density sample, 

where the onset of the drop in modulus 

corresponded to the first transition 

observed using powder pocket analysis. It 

was thought that this was due to their 

thinner wall structures, which were more 

affected by changes in temperature. Above 

105 °C, only the highest density foams 

retained some stiffness, similar to 

unfoamed Novatein [43]. It was concluded 

that the rapid drop in modulus for low 

density foams was as a result of softening, 

not as a result of melting, as no evidence of 

this was observed in the morphology of the 

material after heating (Figure 8B). 
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Figure 8: A Storage modulus of foamed bars during thermal scan. B Images of foam surface 

before (top) and after (bottom) thermal scan. 

Conclusions 

Novatein can be foamed only within a 

narrow temperature range, where higher 

temperatures produced lower density 

foams consisting of larger and more 

elongated cells. Matrix properties were 

unaffected by any plasticizer loss during 

foaming, showing a constant Tg, 

irrespective of density, however, low 

density foams did soften more severely at 

high temperature.  

Foam morphology and density strongly 

affected compression behaviour, with low 

density foams being more elastomeric, 

while denser foams behaved more like a 

plastic foam. Low density foams 

experienced most damage during the first 

cycle under cyclic compression, while 

higher density foams could be compressed 

two to three times before densification, 

with each cycle causing new damage and a 

decrease in recovery. Models for open and 

closed cells successfully predicted the 

compression modulus and strength in the 

linear elastic region. The foams 

demonstrated a mixed mode morphology 

(open and closed cells) and an irregular 

distribution of cells, which explained the 

deviation from the models.  

Lower density foams may provide a 

competitive alternative for foam packing 

material, however, the implication of these 

results is that the foams will be best used 

in a once-off or applications with a short 

useful life.  
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Methods of Determining Chain Conformation and Protein 

Secondary Structure for Protein Thermoplastics 

 

Abstract 

Protein thermoplastics are materials derived from protein feed stocks which 

are converted to thermoplastics using chemical denaturants and plasticisers. 

Like conventional polymers, protein chain conformation will have 

implications for extrusion and injection moulding. Processing requires some 

disruption of the protein secondary structure, however residual secondary 

structures will still influence the ability of these materials to be used in certain 

applications such as film blowing and foaming.  

In this review techniques commonly used to determine protein secondary 

structure are discussed. The review specifically focuses on X-ray 

crystallography, nuclear magnetic resonance (NMR), circular dichroism (CD), 

Fourier transform infrared (FT-IR) and Raman spectroscopy. While these 

methods are commonly used for determining protein structures, using them 

to analyse protein thermoplastics is challenging. However, they still provide 

insight for structural changes incurred from grafting, plasticisation and heat 

treatment. Where possible alternative uses of these techniques have been 

included.  

The primary challenge of the above techniques is that in many cases they rely 

upon the protein being soluble. FT-IR and Raman spectroscopy are therefore 

the most appropriate methods due to their ability to analyse solid state 

materials, although care should be taken to ensure no interference occurs from 

additives when conducting protein secondary structure determination (PSSD). 

Many methods are available for PSSD for either Raman or IR spectra, which 

are outlined here. Ultimately irrespective of PSSD method used, these 

techniques can be used for estimating relative changes in protein 

thermoplastic materials.  



88 
 

Introduction 

Proteins are naturally occurring biopolymers which can be turned into 

thermoplastics by extrusion and subsequently injection moulding. During the 

process protein structure is disrupted through the use of chemical denaturants 

and plasticisers. The remaining structure has implications for processing 

analogous to the effect of chain conformation in polymers. During thermal 

processing protein chains denature, unravel and align with flow providing an 

opportunity for these chains to rearrange and form new bonds [1]. Therefore 

reliable methods for determining the secondary structure of the protein and 

the changes which occur following blending, extrusion and any subsequent 

processing are critical for understanding their impact on processing and 

resulting thermoplastic properties.  

The secondary structure of proteins has been studied extensively as well as 

their response to heat treatment and stress. Techniques commonly used to 

determine the secondary structure include circular dichroism (CD) [2-4], 

nuclear magnetic resonance (NMR) [5-8], X-ray crystallography [9, 10], 

Fourier transform infrared (FT-IR) [11, 12], and Raman spectroscopy [13-15]. 

However, these may not all be applicable to assessing the conformational 

changes which occur during bioplastic production where the material is in a 

solid state and often not soluble.  

This review will provide the reader with an overview of how each of these 

techniques provides information on protein secondary structure and/or the 

structure of a protein thermoplastic and, the difficulties associated with 

sample preparation and data analysis. It focuses upon the use of FT-IR, the 

most commonly used technique and highlights some of the advantages and 

disadvantages of this method. 

Protein Structure  

Proteins consists of primary, secondary, tertiary, and quaternary structures. 

Primary structure is the sequence of amino acids in the protein prior to folding, 

while secondary structure refers to the formation of α-helices, β-sheets, 

random coils and β-turns (Figure 1) which occur through hydrogen bonding 

and is the focus of most spectroscopy techniques.  These arrange to form the 
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tertiary structure and multiple proteins group together to form quaternary 

structures.  The formation of these structures is influenced by the amino acid 

sequence. Alanine, leucine, methionine, glutamine and glutamic acid, arginine 

and lysine promote α-helices, while isoleucine, phenylalanine, tryptophan, 

valine, tyrosine, threonine and cysteine promote β-sheets [16]. 

 

Figure 1: Common protein secondary structures. A. α-helices and B. β-sheets 

5.1 X-ray Crystallography and X-ray based Techniques 

NMR and X-ray crystallography techniques are useful when high resolution 

(nm scale) detail is required for protein conformation [10]. While these 

methods are the two most common for structural determination in proteins 

[10], in applications where high resolution information is not required 

(bioplastics) it is difficult to justify their application as they are very time 

intensive.  

X-ray crystallography requires a highly ordered protein crystal to form from 

solution to achieve a diffraction pattern that can be used to determine protein 

structure. X-ray crystallography studies are usually used as the bench mark 

when defining the structure of a protein, although this method relies heavily 

upon the crystallised structure being representative of the protein in its native 

state. Establishing the correct conditions for crystallisation to occur is time 

consuming and requires further refinement of these conditions in order to 

achieve a good X-ray diffraction pattern [10]. In many cases it is difficult to 

crystallise proteins which have been glycosylated or contain flexible 

structures [9] and this method is not suitable for impure protein fractions.  

A B
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Most bioplastics consist of more than one protein or protein subunit in a highly 

denatured state, therefore achieving a highly ordered crystal for protein 

secondary structure determination is impossible. However this does not 

prohibit other X-ray based techniques including powder X-ray diffraction such 

as wide angle (WAXS) and small angle (SAXS) X-ray scattering providing 

valuable information such as crystallinity and protein chain alignment.  

X-ray diffraction has been used to show how glycerol affects the crystallinity 

of soy protein isolate and agar films [17] where adding glycerol led to a more 

amorphous film structure.  In another study the differences between zein and 

thermoplastic zein following the addition of 25 wt% polyethylene glycol were 

analysed. Plasticisation resulted in a reduction of the ratio of two 

characteristic peaks at 9.5 and 20° 2Ө compared to unplasticised material 

(Figure 2). This was attributed to the plasticiser disrupting inter-helix packing 

(9.5°)  but not intra-helical packing (20°) within zein [18].  

 

Figure 2: X-ray patterns of zein powder (a) and thermoplastic zein (b). [18]  

Similar results to the above were observed in silk fibroin membranes [19]. In 

this case silk contains a high proportion of β-sheets and the peak at 20° was 

assigned to β-sheet structures. XRD is unable to distinguish between bonding 

in an α-helical configuration or β-sheet configuration so this technique is 

limited for proteins which contain a mixture of structural motifs. However it is 

commonly accepted that the peak at 9.5° relates to inter structure packing d-

spacing (9.5 Å) and the other peak at 20 ° is intramolecular packing (4.5 Å) for 

both structures [19] 
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WAXS was used to examine structural changes in wheat gluten (WG) where 

widening of the second peak (intramolecular bonding) was observed with 

increasing urea content. At higher urea content the peak at 4.5 Å shifted to 4.2 

Å, a smaller packing distance which suggested the urea unfolded the protein 

enabling aggregation to occur resulting in a more highly packed structure [20]. 

SAXS was used to study changes to the hexagonal closed packed structure with 

urea addition both perpendicular to and with extrusion direction. Urea 

swelled the structure with an increase in inter-domain distance (Figure 3), 

behaving like an internal plasticiser rather than an external one like glycerol 

[20].  

 

Figure 3: SAXS curves from WG films without and with urea with the X-ray 

beam perpendicular to the film plane [20]. 

In the same study SAXS also showed wheat gluten (containing urea) denatured 

at 55 °C where the HCP structure was disrupted, seen as a loss of peak intensity 

at 0.1 Å -1 (reciprocal d-spacing). WGG films without urea did show a HCP 

structure although the peak was much broader in nature. Upon heating the 

peak shifted to lower q values indicating a more tightly bound structure.  

SAXS is also useful for observing intercalation when protein systems are 

blended with other components such as clay in bionanocomposites. When clay 

was added to thermoplastic zein (TPZ) at 5 and 10% by weight the peak 

corresponding to the clay basal spacing  shifted to a lower angle indicating that 

the basal spacing increased, showing it been intercalated by the protein [21].  

WAXS and SAXS have also been used to observe the differences in structure of 

zein-oleic acid in cast and stretched resin dough films [22].  Adding oleic acid 

increased the a-helix diameter compared to zein, but no helix orientation was 
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observed for cast and stretched films, which was unexpected as chains 

normally align in the direction of pull. 

5.2 Nuclear Magnetic Resonance 

NMR applies high magnetic fields to a molecule causing alignment of the 

magnetic moments (or spins) of individual nuclei to the magnetic field 

direction. Radio waves are then passed through the material which shift the 

nuclei into a different state. Each nuclei will respond to a different frequency 

of radio waves which is characteristic of the atom and its environment [6]. As 

the molecules return to their original state they emit a small electromagnetic 

wave which is measured by the spectrometer.  

The information gathered from NMR is useful in determining the structure of 

small molecules but in reality the determination of an unknown structure from 

NMR is very difficult [7]. Also the interpretation of an NMR spectra into a 

protein secondary structure is convoluted and time intensive as it requires the 

chemical shifts to first be assigned to particular residues [8]. This method has 

not widely been applied and works best for low molecular weight molecules 

[5] less than 15 kDa [23]. This technique will not be further described here as 

it would be difficult to apply to protein thermoplastics which consist of very 

large macromolecules (e.g. zein up to 45 kDa, wheat glutenin 250 kDa, and soy 

180 kDa) [1] and, whose structure is significantly altered during protein 

extraction (e.g. zein) or processing (crosslinking and aggregation). However, 

some success has been reported for estimating the secondary structure of silk 

biomaterials produced from glycerol using solid state NMR [24]. 

Aside from protein secondary structure NMR can provide other information 

relevant to protein thermoplastics. For soybean protein extruded with water, 

proton NMR has been capable of observing the distribution of water within the 

resulting material [25] (Figure 4).  
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Figure 4: Proton density images of TSP extruded at 150 °C cooking 

temperature and 28%, 36%, 44%, 52% and 60% moisture content.[25]. 

NMR has also been used to confirm structural changes in chicken feathers 

arising from cyanoethylation where modified and unmodified feathers were 

later blended with glycerol and compression moulded. In this case the NMR 

spectra added very little to this study as the cyanoethylation was also 

confirmed by FT-IR [4]. Cyanoethylation reduces the glass transition of the 

chicken feather protein, such that the feathers melt during compression 

moulding to form a transparent material.  

The combined use of NMR and FT-IR in the previous study is not unique. 

Together they have also been used to confirm grafting of acrylates onto soy 

proteins. This modification with methyl, ethyl, butyl acrylates and 

methacrylates enabled the functional soy protein isolate to be compression 

moulded without further additives [26].  

5.3 Circular Dichroism 

Circular dichroism (CD) analyses the interaction of chromophores with 

polarized light. It is used to study proteins in solution and is mainly used for 

structural studies of native proteins in biological environments [3, 27]. 

However, it can also detect conformational changes due to pH or temperature.  

The principle of this technique is explained well by Kelly, Jess and Price [27]. 

This method uses a plane of polarised light, consisting of two circularly 

polarised components L (anticlockwise rotation) and R (clockwise rotation). 

This circularly polarised light is created when two linear polarised sources 

exist at a 90 degree angle to one another and are out of phase by 90 degrees. 
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Upon interaction with an optically active structure (chromophore) a difference 

in absorption between the L and R components will occur causing the 

radiation to appear elliptically polarised when they recombine [27]. A 

chromophore is said to be an optically active molecule with its activity arising 

from either intrinsic chirality, covalently linked to a chiral centre or it exists in 

an asymmetric environment due to the 3D structure of the molecule. In 

proteins the optically active groups are the amide bonds within the peptide 

backbone and the aromatic side chains [3].  

Most CD instruments operate in a mode called modulation, where the 

incoming radiation is switched between L and R components. This is achieved 

by alternating the electric field in the modulator through which the plane of 

polarised light passes. The difference in the absorbance of the L and R 

components is typically reported in terms of ellipicity (θ) where θ= tan-1 (b/a) 

where a) and b) describe the major and minor axis of the resulting ellipse. θ = 

32.98 ΔA (Figure 5).  

 

 

Figure 5:  A. Origin of the CD effect. (A) the left (L) and right (R) circularly 

polarised components of plane polarised radiation: (I) the two components 

have the same amplitude and when combined generate plane polarised 

radiation (II). The components are of different magnitudes and the resultant 

(dashed line) is elliptically polarised. (B) Far UV CD spectra associated with 

various types of secondary structure. Solid line α-helix; long dashed line, anti-

parallel β-sheet; dotted line, type I β-turn; cross dashed line, extended 31 –

helix or poly(Pro) II helix; short dashed line, irregular structure both 

reproduced from [27] 

 

A B
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CD is predominantly a solution technique but there are solid state CD 

techniques to analyse single crystals, pellets, materials in potassium bromide 

and films [2]. While solid state CD is reasonably new it overcomes some of the 

problems of CD in solution:   

 The need for a highly pure sample (greater than 95%) as determined 

by HPLC, mass spectroscopy or gel electrophoresis  

 Potential contamination from other optically active molecules 

including nucleotides, and buffers [3].  

 The need to consider buffer and protein concentration [3] for signal 

strength.   

Most methods of secondary structure determination rely upon datasets 

comprising of the CD spectra of proteins where their secondary structures 

have been established by X-ray crystallography.  

Methods of extracting structural information include: multilinear regression 

(G&F, LINCOMB, MLR), singular value decomposition, ridge regression 

(CONTIN), convex constraint analysis (CCA), neural network (K2D), and self 

consistent methods (SELCON) [3, 27]. These methods are quite complex and 

will not be further discussed as they are outside the scope of this review.  

5.3.1 How Secondary Structure Changes are Observed in Circular 

Dichroism  

CD is able to give quantitative estimates of secondary structure by examining 

regions below 240 nm for the peptide bond, 260-320 nm for aromatic side 

chains and weak bands at 260 nm for disulphide bonds [8]. CD can identify α-

helices, distorted α-helices, regular β-strand, distorted β-strand, β-turns and 

disordered structures [28]. Antiparallel β-sheets have negative bands at 218 

nm and positive bands at 195 nm. Disordered proteins have low peaks at 210 

nm and negative bands at 195 nm. CD is also able to identify the poly-L-proline 

II (PII) helix  found in collagen and some short globular proteins [3]. All amino 

acids are optically active except glycine [29]. 

Khrapunov (2009) outlined limitations of CD for protein secondary structure 

determination [30]. These were the poor quality of reference crystallographic 
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structures in some CD databases, the inconsistency of protein quality used in 

solution and crystallographic studies, and the intrinsic variation between 

instruments which has not been accounted for [30]. 

As CD is predominantly a soluble protein technique it has not been extensively 

used to characterise protein thermoplastics. It can however be used to 

characterise soluble proteins as feed stocks or the soluble fraction of a solid 

material. This has been applied to the production of whey protein isolate 

extrudates. When extruded at 75°C the material was observed to denature and 

through extrusion at 100°C the structure became mainly random coils [31]. 

This is the opposite of what thermal treatment does to other proteins where 

they tend to experience protein aggregation and crosslinking.  

In another extrusion system CD has been used to assess structural changes in 

zein which was passed through an extruder multiple times. Using the 

magnitude of the peaks at 208 nm (α-helices) and 222 nm (β-sheets) it was 

shown that these structures increase after a first pass through the extruder, 

however after three passes a loss of structure occurred [32]. The authors take 

care to point out that this technique only analyses the soluble fraction after 

each extrusion and that this analysis relies upon protein structure being 

unaltered by the process to make them soluble.  

Lastly CD has also been used to confirm modification of zein by γ-irradiation. 

CD measurements showed that with increasing radiation dose the α-helical 

and β-sheet content decreased in favour of β-turns and other structures [33]. 

In addition to these structural changes irradiating zein improved the water 

barrier properties of zein films.  

5.4 Fourier Transform Infrared Analysis (FT-IR) 

The benefits of FT-IR include sample type diversity (solids and liquids 

primarily), and the small amounts of sample required, down to 10 μg and a 

short step time (1 μs) for analysis [11].  

FT-IR works by the excitation of vibrational motions in the molecule of interest. 

This typically occurs when the frequency of the IR light and the vibration are 

equal. According to Andreas Barth [11] IR is sensitive to inter and intra 
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molecular bonding as the strength and polarity of the bond affect the 

probability of absorption. A typical IR spectra is reported against the inversed 

wave number (cm-1) (Figure 6). This is used as it is proportional to the energy 

associated with that transition. Raman is the other vibrational spectroscopy 

technique which is commonly used, however Raman spectra is a report of 

scattering by measuring the difference in incident and scattered radiation [8]. 

 

Figure 6: Example spectra of Extruded Novatein (derived from blood meal) 

from a single 5 μm spot on a mapped grid [34].  

The physical mechanism through with FT-IR works involves beam splitting 

such that when the FT-IR beam passes through the sample it is recombined 

with light which bypassed the sample. Constructive and destructive 

interference occurs depending upon the path length of each beam. By altering 

the distance of the movable mirror the light intensity will change resulting in 

an interferogram. This is then converted to an IR spectra through a Fourier 

transform [11].  

5.4.1 How Secondary Structure Changes are Observed in FT-IR 

In an IR spectrum certain regions are associated with protein structures. The 

most commonly known regions are Amide I (1700-1600 cm-1), Amide II (1510 

and 1580 cm-1) and Amide III (1330-1180 cm-1) although other regions 

including Amide A (3225 and 3280 cm-1), Amide B (3100 cm-1) and Amide IV- 

VII also exist [8, 35]. The Amide bands I-III are associated with particular types 

of protein bonding. The Amide I consists of 80% C = O bonding, therefore the 

Amide I measures the behaviour of the protein backbone. The Amide II is 
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influenced by N − H bonding (60%) and C-N stretching (40%) and the Amide 

III by N − H bonding (30%) and C-N stretching (40%) [8].  

Within these bands individual wave numbers or ranges have been assigned to 

certain secondary structures. Protein secondary structure determinaton 

(PSSD) is most commonly carried out using the Amide I (1700-1600 cm-1) 

region using the peak assignments outlined in Table 1. However Murayama 

and Tomida [36] discuss the challenges of using the Amide I region for PSSD 

and highlight the tendency for imperfect assignment of protein bands and the 

deconvolution of the spectra into the component bands as particular 

challenges (this will be discussed later). Li, Zhang and Ma [37] also highlight 

the interference of water with the Amide I band . Deuterated water can be used 

to overcome this interference although care must be taken as this shifts the 

location of the Amide regions to lower wave numbers [38].  

Table 1: Peak assignments in Amide I in solution 

Conformation Wave number  

α-helix 1650-1657 

Antiparallel β-sheet 1612-1640 

 1670-1690 

Parallel β-sheet 1626-1640 

Turn 1655-1675 

 1680-1696 

Unordered 1640-1651 

 

5.4.2 Use of Amide III Region during Structural Studies of Proteins  

Cai and Singh [39] argue that PSSD using the Amide III band may be better than 

the Amide I as it avoids water interferences. Band assignments for this region 

are reported below (Table 2). 
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Table 2: Peak assignments in Amide III [40]. 

Conformation Wave number  

α-helix 1330-1295 

β-turns 1295-1270 

Random coils 1270-1250 

β-sheet 1250-1220 

5.4.3 FT-IR Sample Preparation, Measurement and Interpretation  

FT-IR is capable of working with both solid and liquid samples in multiple 

modes. This review will cover the use of transmission, attenuated total 

reflectance and synchrotron vs. globar light sources. It focuses mainly on the 

application of IR to solids in the dry state.  

Transmission mode is the traditional method of IR spectroscopy. In 

transmission the IR beam passes through the material which is commonly 

embedded in a KBr disk or compressed between two IR transparent windows 

[12].  Attention must be paid to the Amide regions, while collecting the spectra 

as it can become saturated if the sample concentration is too high in the KBr 

disk or the sample is too thick between the IR transparent windows. 

Attenuated total reflectance (ATR FT-IR) is more complicated and depends 

upon the refractive index of the crystal and the material. The ATR crystal is 

made from an IR transparent material such as ZnSe, diamond, silicon or 

germanium [12]. The configuration is such that at a critical angle an 

evanescent wave is formed which propagates into the material between 0.5-2 

μm. The absorbance spectrum is therefore a subtraction of the signal from the 

IR light and what is reflected.  

One of the main benefits of ATR is that it does not require complicated 

mounting procedures. The method is still highly sensitive for detecting 

changes in protein conformation and has found application in plastics and 

identifying protein based materials. ATR has been used to identify the 

difference between true tortoiseshell and horn and their imitations. Paris, 

Lecomte and Coupry [41] used ATR to study the protein configuration in the 

Amide I region and PSSD was conducted using the second derivative and peak 

fitting method. ATR has also been used to study conformational changes in 
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bread dough using the Amide III region from a globar source [39]. Peaks were 

identified using the second derivative whose intensity was shown to change 

during mixing with an increase in the peak intensity for α-helices, β-turns and 

β-sheets and a decrease in intensity for random coils. In this study only one 

peak was studied for each conformation as the second derivative only 

demonstrated four main peaks with a fifth observed around 1305 cm-1 which 

was unassigned but likely to be α-helices. Similar changes have also been 

observed in gluten when heated. Georget and Belton [42] used the Amide I 

region of spectra obtained through ATR mode to investigate the effect of heat 

and water content on gluten. Above 40°C significant changes to the protein 

structure occurred (exact changes not specified), which were not permanent 

at low moisture contents. When heated to 85°C with a water content of 47%, 

these changes became less reversible.  

In many cases lab scale IR machines (globar light sources) are sufficient to 

provide adequate signal for secondary structure determination but the signal 

to noise ratio must always be considered. The Amide I is most commonly used 

for PSSD from these sources as the Amide III can experience noise. Achieving 

a spectrum in the Amide III for secondary structure analysis can be challenging 

and may require using Synchrotron light which is 1000 times brighter. 

Another benefit of Synchrotron light is the ability to spatially map samples 

similar to IR microscopy. This technique has been very widely applied with 

one particular study investigating the structure of feed protein sources 

including feather, wheat, oat and barley [43]. 

5.4.4 Estimates of Protein Secondary Structure by FTIR 

One of the challenges with FT-IR analysis is the deconvolution of the spectra 

to enable the relative proportions of each structure to be obtained. Popular 

methods include Fourier self-deconvolution (FSD) and the second derivative 

method with peak fitting (Figure 7). However, these methods do not 

necessarily provide the same result. The two methods are compared by Dong 

[35] for determining the structure of β-lactoglobulin where FSD gave 50.6% β-

sheets, 10.5% α-helices 20.4% β-turns and 18.5% unordered structures [35], 

while the second derivative method gave 54.5% β-sheets, 9.4% α-helices, 19.2% 
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β-turns and 16.9% unordered. Dong reports that both of these methods agree 

with X-crystallography analysis which reports  53 % β-sheets and 7% α-helix  

[35].  

Attempts to deconvolution of a spectra using FSD requires two parameters: 

the half bandwidth (FWHH) and enhancement factor (k). Altering either of 

these alters the deconvolution result including the total number of bands 

observed and their position as well as generating artefacts (Figure 7B) [35]. 

The advantage of the second derivative method is that there is no need to 

choose values for k and FWHH (Figure 7A) and the peak intensity of the second 

derivative is related to the original intensity [35].  

 

Figure 7: A. The original, Fourier self-deconvoluted and inverted second 

derivative spectra of β-lactoglobulin. Top: the original spectrum, middle: the 

curve fitted FSD spectrum (half bandwidth 23cm-1, K 2.7, Bottom: curve fitted 

inverted second derivative spectrum. B. Effects of input parameter variation 

on the Amide I spectrum of β-lactoglobulin by FSD. A and B reproduced from 

[35]. C. Deconvolution of BSA spectrum in the Amide III region from [40]. 

Multiple peaks have been observed during deconvolution of the Amide III 

region for recombinant human albumin with 8-9 Gaussian curves fitted to the 

region (k=2.7) [44] and bovine serum albumin has had up to 11 assigned to 

peak structures (Figure 7C) from spectra obtained using bench top ATR (k=2.0) 

[40]. Deconvolution of the Amide I area can overestimate structures if the 

absorptions corresponding to tyrosine, phenylalanine, glutamine, arginine and 

lysine are not corrected for [45].  

Using the second derivative and inverted peak heights to identify protein 

structures has been applied to gluten [46] and blood meal [34].  The 

A B C
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advantages of this method include removing the need for baselining which 

may not be constant in mapped samples (discussed later) and an improvement 

in resolution of overlapping spectral bands. Narrow peaks will however 

demonstrate a higher intensity which may not be representative, noise may be 

introduced through side lobes on either side of the main peak [9] and the peaks 

need to be sufficiently resolved for the method to work [47].  

Statistical methods also exist for PSSD which use the secondary structure of 

known proteins to assist with fitting [8, 12].  

5.4.5 Examples of IR Used with Bioplastics for Secondary Structure  

FT-IR has been used to determine the secondary structure of different zein 

powders. Oliverio, Maio and Iannace [18] highlighted the natural variation in 

protein feed stocks with the peak area associated with α-helices varying from 

145 to 230, while the peak position also varied within a 5 cm-1 range. More 

importantly their work showed a consistent reduction in β-sheet content for 

thermoplastic zein.  A greater proportion of α-helices to β-sheets reduced the 

elongational viscosity of the blend improving processabilty of these materials 

into films. 

Wheat gluten formulations containing urea were shown to be more 

processable during sheet extrusion [48]. FT-IR analysis concluded that native 

gluten has a peak maximum in the Amide I region at 1644 cm-1 correlating to 

random coils. Following dough production the peak for α-helices is most 

prominent and after extrusion the β-sheet peak is most pronounced. 

Extrudates containing urea have a pronounced peak between 1630-1620 cm-1 

identified by the authors to be β-sheets, but it could also be urea interference 

as that also contains the same C=O structure as those used in the Amide I 

region for PSSD.  

Structural changes in feather keratin, egg albumin, wheat gluten and 

lactalbumin mixed with glycerol and pressed into films has been studied by 

ATR. PSSD was conducted through deconvolution of the Amide I through 

Gaussian peaks and showed that the protein conformation was more likely to 
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change if the protein contained a low amount of cysteine and were more polar 

overall [49]. 

FT-IR has also been used to examine other changes in bioplastics which can be 

examined from the same spectra making the technique very powerful. For 

example FT-IR has been used to study the role of acetamide (CH3CONH2) in soy 

protein plastics. Acetamide is similar to urea, however it has a CH3 whereas 

urea has another NH2 group, and therefore gives a peak within the Amide I 

region. Liu and Zhang studied the effect that acetamide had on the Amide I 

region in KBr. They noted that compression moulded soy protein isolate had a 

peak at 1652 cm-1 which was shifted to 1660 cm-1 when acetamide was added 

indicating bonding between the C=O of the protein and the NH2 of the 

acetamide [50].  

In another study when soy protein was mixed with ethylene glycol and 

compression moulded, ATR showed a decrease in two peaks at 1040 cm-1  and 

1084 cm-1 indicating intermolecular hydrogen bonding between the carbonyl 

and N-H groups of the soy protein isolate and the hydroxyl groups on ethylene 

glycol [51].  

ATR with FSD has been used to study the effect of the extraction method on 

kafirin during extraction and drying. Two main peaks were observed in the IR 

spectra at 1620 (α-helices) and 1650 cm-1 (-sheets) in the Amide I region. The 

authors of this study noted that there was the potential for overlapping peaks 

from random coils and α-helices during peak assignment meaning that these 

could not be sufficiently resolved for PSSD [52]. Thermal drying increased β-

sheets relative to α-helices compared to freeze drying. due to protein 

aggregation [49] 

5.4.6 Application of FT-IR to Blood Meal Protein and Novatein 

Thermoplastic 

FT-IR has been used to study structural changes in Novatein which contains 

blood meal, water and urea. Urea and water interfere in the Amide I region 

preventing its use for PSSD. The Amide III region combined with the second 

derivative peak height method was used for PSSD where four peaks were 
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assigned to α-helices, β-sheets, β-turns and random coils. Relative proportions 

of these structures have been determined by using ratios based upon relative 

peak heights. The origin of this method is outlined in [34].  

The spatial distribution of ordered and disordered structures in blood meal, 

pre-processed, extruded, injection moulded and conditioned Novatein has 

been studied using Synchrotron FT-IR in transmission mode [34]. Blood meal 

was estimated to contain 24% α-helices, 35% β-sheets and 41% disordered 

structures (turns and random coils combined) [34]. During extrusion and 

injection moulding, heat exposure increased the proportion of β-sheet 

compared to pre-processed Novatein [34]. The spatial distribution of 

triethylene glycol (TEG) (Figure 8A) was also examined using the total area 

under the peak at 1040-1090 cm-1 (C-O-H bonding in TEG) [34]. Heating freeze 

dried pre-processed NTP to 50, 70, 90, 110 and 130 °C increased β-sheets 

content while decreasing disordered structures (Figure 8B), with an increase 

in α-helices and β-sheet clusters [53]. Heating also induces TEG migration 

further increasing β-sheet structures [54].  

 

Figure 8: A. Ratio of Peak area for TEG relative to Amide III in A) Blood meal, 

B) Pre-processed NTP, C) extruded NTP, D) Conditioned NTP from [34].  B. 

Effect of temperature on the secondary structure of PNTP, from [53].  

Spatially resolved Synchrotron FT-IR has also been used to examine 

differences in blood meal and blood meal decoloured with peracetic acid (PAA) 

[16]. The differences in structure between the perimeter and core of blood 

meal and decoloured blood meal particles were examined (Figure 9A). Blood 

A B
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meal was heterogeneous with structures randomly distributed but decoloured 

blood meal had lower β-sheets at the surface. The effect of sodium dodecyl 

sulphate [55] and triethylene glycol on chain mobility has also been examined 

for decoloured blood meal materials [56]. SDS and TEG homogenized 

secondary structure distribution, SDS increased α-helices and decreased β-

sheets and β-turns, while SDS and TEG combined reduced α -helices and β-

sheets and increased random coils [55]. 

The primary alcohol group (C-O-H) to Amide III ratio is an effective tool for 

examining the effect of polyol plasticisers (glycerol, ethylene glycol, propylene 

glycol and TEG) on their distribution in Novatein. In this case FT-IR was used 

to assess phase distribution and secondary structure which showed the 

creation of more random structures upon the addition of TEG [57].   

 

Figure 9: A. Fractional composition of protein secondary structures for blood 

meal and decoloured blood meal produced through a 1% peracetic acid 

solution [16, 58]. B. Maps showing phase distribution of Novatein and 

polyehtylene, from [59]. 

FT-IR also informed the fracture mechanics of Novatein and polyethylene (PE) 

blends where filaments were observed on the fracture surface. The 

proportions of Novatein and PE were determined using peaks outside the 

Amide III area within the 3800-2800 cm-1 region. Once the proportion of the 

A

B
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PE phase had been established (Figure 9B), a characteristic spectra normalised 

to the relative amount was subtracted from the combined spectra to provide 

the corrected Novatein spectra for a particular point. Secondary structure 

analysis was then performed as previously outlined [59].  

5.5 Raman Spectroscopy  

Raman spectroscopy provides information on protein secondary and tertiary 

structure relative to model compounds including amino acids and peptides 

[14]. This method involves using a single monochromatic light source (laser) 

to irradiate a sample. Interaction with the sample scatters a small amount of 

light that has a corresponding frequency shift according to the vibration in the 

molecule it interacts with. As the frequency of the laser is known the frequency 

shift can be back calculated to give a Raman spectrum [13, 15]. The Amide I 

and Amide III bands are strong in Raman spectroscopy while the Amide I and 

Amide II bands are strong in FT-IR [38].  Amide I occurs within the 1630-1690 

cm-1 region while Amide III is in the 1225-1275 cm-1 region (Table 3). 

Deconvolution of the spectrum is conducted using the same methods as 

described for IR above.  Water does not interfere with the Raman spectra 

which is an issue for FT-IR [60], but protein fluorescence can be a challenge 

[13]. Resonance Raman spectroscopy is used to study chromophore vibrations 

such as heme within porphyrins [15] which can be collected on the same 

spectrometer (but not discussed in this review).  

Table 3: Peak assignments in Amide I in Raman Spectroscopy  

Conformation Amide I Amide III 

Anti-parallel β pleated sheet 1670 1235 

α-helix 1655 1310-1275 (debatable) 

Disordered structures  1665 1245 

 

5.5.1 Protein Studies by Raman Spectroscopy.  

Raman spectroscopy has been used to study the secondary structure of four 

silk proteins through deconvolution of the Amide I region through the curve 

fitting method. In addition to the limits outlined above two extra component 

bands were assigned at 1684 and 1698 cm-1 to β-turn structures [61]. It has 

also been used to assess the behaviour of keratin, sodium sulphite and glycerol 
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blends that were extruded. Raman spectroscopy was used to infer that β-sheet 

structures were disrupted through the addition of sodium sulphite  [62].   

A review by Tursan and Kokini concluded that while Raman has been 

extensively used to study zein, secondary structure determination is difficult 

as information can be lost due to fluorescence and the need for subjective 

baseline correction [63].  

Finally, Raman spectroscopy has been performed for blood meal but not used 

to assess protein secondary structure [64]. Achieving a good signal from blood 

meal is challenging as it contains heme which fluoresces but it is possible with 

the spectra shown below (Figure 10).  

 

Figure 10: Raman spectroscopy of blood meal, from [64].  

Conclusion 

The application of traditional techniques for investigating protein structure is 

limited in protein thermoplastics.  The insolubility and the disruption of the 

native structure of proteins through thermoplastic processing limits the 

application of circular dichroism, X-ray crystallography and NMR. Raman and 

Fourier transform infrared are more suitable techniques.  

While FT- IR has been more widely used, no method of spectra deconvolution 

for secondary structure determination is perfect. Peak position is often 

determined by second derivative to minimise artefacts produced by Fourier 

self-deconvolution, however the fit of Gaussian peaks, centred at the peak 

positions identified is still subject to how the spectra is baselined. The use of 
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the second derivative height method is far less subjective and has been shown 

to provide a good indication of the relative changes in Novatein. FT-IR can also 

provide information on protein additives and blends within the same spectra 

making it a very powerful technique but care must be taken that these 

components such as urea, triethylene glycol and water do not interfere with 

structure determination.  
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Overview: 

Blood meal can either be considered to be influenced by the individual proteins 

within blood or as its own unique polymer. Blood meal and therefore Novatein has 

been viewed as a unique polymer in most previous work and this will have 

implications for foaming if true. This paper therefore aims to verify that blood meal 

is a highly aggregated protein that cannot be considered the sum of its individual 

components unlike soy and corn gluten meal.  

 

This work relates to objective three by establishing how Novatein should be viewed 

as a material.  

 

Contribution: 

As an author for this publication the PhD candidate prepared the first draft of this 

manuscript. Experimental work was conducted in collaboration with the co-

authors but analysed and formatted by the PhD candidate. The PhD candidate also 
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guidance from the supervisors and the co-authors the manuscript was revised and 

edited.  
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Overview: 

Novatein can be successfully foamed and the purpose of this chapter is to evaluate 

what changes have occurred within the material. This chapter applies dynamic 

mechanical analysis, differential scanning calorimetry, X-ray diffraction and 

Fourier transform Infrared (FT-IR) to establish this. The behaviour of blood meal, 

pre-processed NTP (PNTP) and extruded NTP (ENTP) have been previously 

studied but are included to establish relative changes in a foaming context and to 

overcome variability in the protein feed stock.  

 

This work relates to objective three by examining chain architecture and 

plasticiser distribution near a bubble surface. 

 
Contribution: 

As first author for this publication the PhD candidate conducted all experimental 

work, data analysis and prepared the first draft of this manuscript. Under guidance 

from the supervisors the manuscript was revised and edited.  
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changes after foaming in a protein-based thermoplastic. Previously published in the 

Journal of Applied Polymer Science © 2017 Wiley Periodicals, Inc. 
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Overview: 

Foam expansion is usually temperature dependent which will result in changes in 

chain conformation. The purpose of Chapter 8 is to explore these changes for 

Novatein foamed at different temperatures and to establish what changes occur in 

secondary structure and plasticiser distribution. This study uses synchrotron light 

in Attenuated Total Reflectance mode.  

 

This work continues work on objective three and builds on the results from the 

previous publication to understand the role of protein secondary structure during 

foaming  

 

Contribution: 

As first author for this publication the PhD candidate conducted all experimental 

work, data analysis and prepared the first draft of this manuscript. Under guidance 

from the supervisors the manuscript was revised and edited.  

 

Permission:   

Reproduced from Formation of Secondary Structures in Protein Foams as Detected 

by Synchrotron FT-IR. Previously published in the Journal of Polymer Testing.  
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Overview: 

Protein thermoplastics require denaturants and plasticisers to enable foaming. 

Plasticisers impact the behaviour of conventional polymers during thermoplastic 

processing. It is therefore expected that these additives and their amount will 

influence foam processing. This study examines the effect of water, urea and tri-

ethylene glycol on Novatein’s rheology, softening point and foaming ability. 

 

The work relates to objective 4 mainly as it establishes a link between blend shear 

and extensional rheology and foaming ability. Some FT-IR data is presented so the 

study also contributes to objective 3 by understanding changes in protein 

secondary structure.  

 

Contribution: 

As first author for this publication the PhD candidate conducted all experimental 

work, data analysis and prepared the first draft of this manuscript. Under guidance 

from the supervisors the manuscript was revised and edited.  

 

Permission:   

Reproduced with the permission of John Wiley and Sons. From The Role of 

Plasticizers during Protein Thermoplastic Foaming. Previously published in the 

Journal of Applied Polymer Science © 2019 Wiley Periodicals, Inc. 
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Foaming Novatein Thermoplastic Protein  

Novatein Thermoplastic Protein (NTP) is a commercialised bioplastic which 

can be used to produce injection moulded parts and extruded sheets. Foaming 

extends its use to a loose fill packing material and reducing weight in moulded 

parts. The purpose of this work was to develop a foaming method for 

Novatein® and to investigate the principles which govern foaming for protein 

thermoplastics.  

Initial scoping attempted to foam Novatein via extrusion, however, it was 

observed that the material was very rigid and easily broke i.e. the material had 

a low melt strength. Novatein was blended with linear low density 

polyethylene (LLDPE) compatibilised with maleic anhydride grafted 

polyethylene (PE-g-MAH) to reduce viscosity and increase melt strength. 

Water (physical blowing agent) or water and sodium bicarbonate (chemical 

blowing agent) were used as foaming agents. The best expansion ratio (1.85 

times ) was achieved using 50% Novatein blended with 40% LLDPE and 10% 

PE-g-MAH, using only the water present in Novatein as a blowing agent. 

Adding sodium bicarbonate produced very fine cells without large regions of 

unfoamed material, however the foam expansion did not improve. Despite the 

shear thinning behaviour of both these components, at the shear rates 

experienced during extrusion, the viscosity would still be high, hindering 

foaming. Gas loss also occurred through the feed hopper preventing a well-

mixed, gas filled melt.  

To further improve foam expansion it was concluded that Novatein could 

either be further plasticised, or the shear rate could be increased. However, 

extra plasticisers would increase resin costs, with no guarantee of improved 

foaming. An injection moulder operating semi-continuously at high speed was 

used to increase shear rate, and the nozzle was withheld from the mould to 

enable free expansion and maximise pressure drop. The expansion ratio of the 

Novatein:LLDPE blends increased from 1.85 to 2.5 and by substitution of 

LLDPE for low density polyethylene (LDPE) the expansion ratio was further 

increased to 3.0 because strain hardening stabilised the bubbles. However, 

pure Novatein had the highest expansion ratio of 4.4, because it had more 
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water available to act as a blowing agent compared to blends with PE. This 

formed the basis for further work.  

This material has a narrow foaming window between 150°C, where no 

foaming occurs, and 170°C, where the protein degraded. Within this range the 

expansion ratio of the foam was improved to five, and foam density could be 

varied between 0.25-0.5 g/cm3. Compressive strength and moduli were 

density dependent, between 200 and 600 kPa and 2.2 and 8 MPa, respectively. 

The density dependence of the mechanical properties has also been observed 

with conventional foams, but Novatein has a much higher density. The energy 

absorbing mechanism varied with low density foams being more elastomeric, 

while denser foams behaved more like plastic foams. 

Foam morphology was chaotic with highly foamed and unfoamed regions and 

a mixture of open and closed cells. This was because Novatein is semi-

crystalline (arising from residual protein secondary structure), which cannot 

be completely disrupted during foaming as the temperature required would 

degrade the protein. Another possible cause of the foam morphology is phase 

separation which may occur in this highly plasticised system. 

Blood meal, from which Novatein is made, is a mixture of red blood cells and 

plasma containing; haemoglobin, bovine serum albumin, globulins, and 

fibrinogen. This is extensively aggregated during steam coagulation resulting 

in a high proportion of β-sheets and a heavily cross-linked material. This 

makes it very difficult to thermally disrupt without denaturants (urea) and 

plasticisers (tri-ethylene glycol and water). For the rest of the thesis blood 

meal was therefore treated as a highly aggregated polymer with its own 

unique properties. The high proportion of β-sheets in blood meal may explain 

why it was difficult to foam Novatein. Previous work has shown that 

production of PNTP disrupted β-sheet structures and that some reform during 

extrusion (ENTP). 

The behaviour of water, urea and triethylene glycol as plasticisers and/or 

blowing agents was not known, although it was observed that blends without 

urea struggled to foam. Urea reduces extensional viscosity by disrupting 
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hydrogen bonding and hydrophobic interactions, facilitating chain unfolding 

making it critical for successful foaming of this material.  But, urea may also 

contributes along-side water as a blowing agent. An ammonia smell was 

detected during foaming indicating urea thermally decomposes to produce 

NH3 and CO2 gases. Throughout this work the alternative roles for urea have 

also been identified. There is the potential for urea to hydrolyse in the 

presence of water or to have participated in carbamylation of lysine residues. 

Therefore, the exact amount of free urea in each blend is unknown but its 

presence is critical for foaming.  

Increasing water lowered the shear viscosity of Novatein, but did not lower the 

softening point and did not increase foam expansion. This was attributed to 

the role of viscosity during late bubble growth where a higher viscosity is 

desirable to control bubble growth and prevent cell rupture before 

stabilisation. As there is more water available, the viscosity increase will occur 

more slowly and is not sufficient to counteract the loss of water vapour and to 

constrain bubble growth in that late phase. In comparison TEG also lowered 

the softening point such that the blend was further away from its glass 

transition temperature. As a result, the material did not solidify until either a 

greater amount plasticiser was lost from the blend increasing the Tg or the 

temperature was lowered. Either way, the result was that foam expansion with 

increasing TEG also decreased.  

The above results were counter intuitive as firstly, the addition of more water 

was expected to increase foam expansion by increasing blowing agent 

availability and secondly, this highlights that the previous option of improving 

foam expansion by increasing plasticisation during extrusion may not have 

worked.  

FT-IR showed TEG and possibly urea accumulated near the bubble surface. 

Initially it was thought that foaming occurred in these highly plasticised 

regions. There was also the possibly of plasticiser accumulating at the bubble 

surface as the bubble grew outwards and water migrated into the bubble as a 

blowing agent. Water and TEG are known to hydrogen bond and so the 
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accumulation is logical. It was also established that this accumulation occurred 

more in highly plasticised blends and could be linked to phase separation into 

protein rich, protein-plasticiser, and plasticiser rich regions as observed by 

other researchers. Irrespective of the mechanism the accumulation of 

plasticisers at the bubble surface would act to lower the viscosity in that 

localised area while a viscosity increase is desirable for bubble stabilisation.  

For traditional polymers the inability of chains to slip past one another quickly 

assists with constraining bubble growth through strain hardening. This is not 

the case for linear polymers which is why PP is notoriously difficult to foam. 

Proteins are predominantly linear chains and branching is only achieved by 

crosslinking. Protein secondary structures may also contribute to the same 

mechanism as structures like β-sheets are quite rigid and act as physical 

crosslinks.  

During foaming, bubble growth places pressure on the surrounding polymer 

and this causes chain alignment. In proteins, this offers the opportunity for 

hydrogen bonding between chains. i.e. the formation of β-sheets. In this work 

β-sheets have been observed at the bubble surface and it is expected that these 

are caused by this mechanism, although it is also possible that a bubble 

nucleates on or near a β-sheet and grows until it is constrained by 

encountering more of these rigid structures. Either way, evidence suggests β-

sheets contribute to bubble stabilization (Figure 1). 
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Figure 1: Role of plasticisers and protein secondary structure in foaming of 

Novatein, a protein thermoplastic. 

In conclusion, a method for foaming Novatein has been established, despite its 

high β-sheet content. Foaming requires the extensional viscosity to be 

lowered, which is achieved in this work through adding urea. Alone, this is not 

sufficient to enable foaming in a low shear, low pressure system and foaming 

is only achieved in a high shear environment through the use of a rapid 

pressure drop rate and free expansion. The expansion for Novatein was 

increased from 1.85 to typically 4-5 through manipulation of the processing 

conditions and composition. In this study, the fundamental stages of bubble 

nucleation, growth and stabilisation have been investigated and shown to be 

highly complex depending upon rheology, glass transition temperature and 

conformation of the protein chains. 
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Recommendations for future work 

This work has identified many areas for further investigation:  

Producing a foam injection moulded article – Application of current 

principles to form a moulded article with a foamed interior for weight 

reduction in moulded parts.  

Material development - Investigate different additives (primarily 

surfactants) to reduce viscosity, surface tension and promote nucleation. This 

may enable foaming via extrusion if the rheology of the system is appropriately 

controlled.  

Assess the application of these findings to other proteins or protein 

blends – Potential feed stocks could be decoloured blood meal or bovine 

plasma. Either of these should demonstrate similar behaviour to Novatein (if 

plasma is thermally dried) but may be more appropriate in colour and odour.  

Further investigation of an alternative foaming mechanism - If the protein 

thermoplastic is overly plasticised it may be possible to produce a foam 

through spinodal decomposition rather than nucleation mechanisms. A study 

of the outcome of the two nucleation mechanisms may provide an interesting 

comparison. 

Investigation of secondary structure determination – Using FT-IR to assess 

conformational changes in bioplastics is still an emerging field. A comparison 

of protein conformation changes through both Amide I and Amide III for these 

materials and model proteins would provide an interesting comparison. In 

order to overcome the insufficient signal to noise ratio from globar source a 

synchrotron light source would be required. Saturation of the Amide I could 

be avoided through application of Attenuated Total Reflectance (ATR) or 

through careful sample preparation in transmission.  

 

 



 

165 
 

 

 
 

Appendix 
 

 
 
 
 
 
 
 

 



 

166 
 

 

 

 

  



 

167 
 

  



 

168 
 

  



 

169 
 

  



 

170 
 

  



 

171 
 

  



 

172 
 

  



 

173 
 

 


	1. Thesis Cover Page - Foaming Novatein Thermoplastic Protein
	2. Abstract - Acknowledgements - Contents Page
	3. Introduction - Part 1 - Chapter 2 - Chapter 3 V2
	4. Chapter 4
	5. Part 2 - Chapter 5
	6. - Chapter 5 a
	7. -Chapter 6 Cover
	8. Chapter 6 actual paper
	9. Part 2
	10. Chapter 9 actual V6
	10
	11. Conclusions
	Appendix
	Co-authorship Forms

