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Abstract 

Novel uses of wheat gluten (WG) proteins, obtained e.g. as a coproduct from      

bio-ethanol production, are presented in this thesis. A flame-retardant foam was 

prepared via in-situ polymerization of hydrolyzed tetraethyl orthosilicate (TEOS) 

in a denatured WG matrix (Paper I). The TEOS formed a well-dispersed silica 

(SiO2) phase in the walls of the foam. With silica contents ≥ 6.7 wt%, the foams 

showed excellent fire resistance and fulfilled the criteria of the best class of       

flame-retardant materials, according to the UL94 burning test standard. The 

thermal insulation of the foams was shown to be competitive to those of 

conventional insulating petroleum-based foams due to their high porosity (~90%), 

with an average pore size of ~50 m. An aspect of the bio-based foams was their 

high sensitivity to fungi and bacterial growth. This was addressed in Paper II using 

a natural antimicrobial agent extracted from algae (Lanasol). In the same paper, 

the absorption ability of the foams was also investigated. A swelling capacity of 32 

times its initial weight in water was observed for the pristine WG foam and both 

capillary effects and cell wall absorption contributed to the high uptake. The cell 

wall absorption, providing a plasticization of the WG matrix, allowed the foam to 

act as a sponge, i.e. being able to absorb and release (through mechanical 

compression) water repeatedly. When the swollen foam was freeze-dried, a highly 

porous foam containing both larger cells (ca. 400 m) and numerous smaller     

cells (ca. 2 m) was obtained that was ideal for fast absorption due to its bimodal 

cell size distribution, resulting in an increased porosity (95%). In Paper III, the 

versatility of the WG material, with respect to functional properties, is 

demonstrated. Conductive and flexible foams were obtained using carbon-based 

nanofillers and plasticizer. It was found that the electrical resistance of the carbon 

nanotubes and carbon black filled foams were strain-independent, which makes 
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these materials suitable for applications in electromagnetic shielding (EMI) and 

electrostatic discharge protection (ESD).  

In addition to the above articles, demonstrating the potential uses of WG as a 

versatile polymer/protein matrix material, Paper IV describes a ‘water-welding’ 

method where larger pieces of WG foams were made by wetting the sides of the 

smaller cubes before being assembled together. The flexural strength of the four-

cube-welded foams was ca. 7 times higher than that of the same size WG foam 

prepared in one piece (no welding). The technique provides a strategy for using 

freeze-dried WG foams in applications where larger foams are required. 

Despite the versatile functionalities of the WG-based materials, the mechanical 

properties are often limited due to the brittleness of the dry solid gluten proteins. 

Wheat gluten/flax-fibre-weave composites (obtained through dip-coating and 

compression moulding) were developed for improved mechanical properties of 

WG (Paper V). The results revealed that WG, reinforced with 19 wt% flax fibres, 

had a strength that was ca. 8 times higher than that of the pure WG matrix. 

Furthermore, the crack-resistance was also significantly increased in the presence 

of the flax-fibre-weave. 

Keywords: Wheat gluten, biofoam, biocomposite, freeze-drying, flame-retardant, 

silica, antimicrobial, conductive biofoam, flax fibre, crack-resistance 
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Sammafattning 

Nya användningsområden för vetegluten (WG) protein, som kan erhållas som en 

samprodukt vid bio-etanol-tillverkning, rapporteras i denna avhandling. Ett 

flamskyddat skummaterial som framställts via in-situ polymerisation av kiseloxid, 

från hydrolyserad tetraetylortosilikat (TEOS), i en denaturerad WG matris. 

TEOSen bildade en väldispergerad kiseloxid fas (SiO2) i skummaterialets väggar. 

När kiseloxidfasen utgjorde ≥ 6.7 vikts%, visade skummaterialet utomordentlig 

motståndskraft gentemot antändning, och uppfyllde kriterierna som krävs för att 

klassas i den ”bästa” kategorin för flamdämpade skummaterial, enligt UL94 

standarden. Den termiska isolationsförmågan hos skummaterialen visade sig vara 

jämförbara med konventionella petroleumbaserade motsvarigheter, tack vare dess 

höga porositet (~90%), med en genomsnittlig cellstorlek på ~50 m. I artikel II 

adresseras de biobaserade skummaterialens känslighet gentemot mögel och 

bakterietillväxt, och en naturlig antibakteriell tillsats från alger utvärderades 

(Lanasol). Absorptionskapaciteten utvärderades även i artikel II och det visade sig 

att ett rent vetegluten skummaterial har förmågan att absorbera 32 ggr sin egen 

vikt i vatten, tack vare både kapillära krafter och absorption i cellväggarna. 

Cellväggsabsorptionen resulterade i en mjukgörande effekt som tillät 

skummaterialet att användas som en svamp för att samla upp och släppa ut vatten 

vid upprepade försök. Det vattenfyllda skummaterialet frystorkades efter 

vattenuppsamling (som ett vattenfyllt skum) vilket genererade ett skummaterial 

med bimodal storleksdistribution bland cellerna, med både store (ca. 400 m) och 

mindre celler (ca. 2 m), där de mindre bidrog till att öka porositeten till 95% samt 

medförde en snabb upptagning av vätska. I artikel III beskrivs ett ytterligare 

användningsområde av mjuka WG skummaterial som bärare av en kolbaserade 

elektriskt ledande delkomponenter. Det konstaterades att resistansen hos 

skummaterial med kolnanorör eller kimrök var deformationsberoende, vilket kan 
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vara en lämplig egenskap i användningsområden för skärmning av 

elektromagnetisk strålning samt som elektrostatiskt urladdningsskydd.  

Artikel IV beskriver en teknik att sammanfoga mindre delar av skum, via partiell 

upplösning av skummaterialens utsidor, till större objekt. Med denna teknik får 

man ca. 7 gånger starkare skum än om man hade tillverkat ett enda stort objekt 

direkt genom frystorkning. Tekniken innebär att större objekt kan tillverkas med 

frystorkning, vilket annars är ett problem med just denna skumtillverkningsteknik. 

Trots att veteglutenmaterial kan tillhandahållas med en rad olika 

egenskaper/funktioner, är de mekaniska egenskaperna i flera fall otillräckliga, på 

grund av proteinmaterialets sprödhet. Styrkan och segheten hos materialet kan 

emellertid förbättras avsevärt med tillsats av t.ex. linfiber-material. I artikel 5 

beskrivs hur kompositer av linfiberväv och vetegluten, med förbättrad styrka och 

seghet, kan tillverkas (med en beläggnings- och en formpressningsteknik). 

Resultaten visar att med 19 vikts% linfiber erhölls ett material med 8 gånger högre 

styrka än ett material utan linfiber. Dessutom minskade sprickkänsligheten 

avsevärt med tillsats av linfiberväven. 

Keywords: Vetegluten, bioskum, biokomposit, frystorkning, flamskyddad, silica, 

antimikrobiell, ledande bioskum, linfiber, sprickkänslighet 
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1. PURPOSE OF THIS STUDY  

Wheat gluten (WG) is co-product from bioethanol industry, which is an interesting 

protein material (biopolymer) that could be considered as a possible replacement 

for petroleum-based plastics. The main purpose of this study was to develop    

WG-based biofoams and biocomposites with new functionalities and improved 

mechanical properties. More specifically, the first aim was to investigate              

non-flammable biofoams via in-situ polymerization of silica nanoparticles into WG 

network before foaming, the foams also showed very good thermal insulation 

properties. Secondly, the aim was to include antimicrobial functionalities into the 

foams by using lanasol, which is an antimicrobial additive from nature. The 

sorption properties of the biofoams are also studied. Thirdly, the object was to 

synthesize flexible conductive WG foams by impregnating of carbon fillers (three 

types with different aspect ratios) to provide the conductivity. In particular, to 

study the interesting electrical properties of these WG-based foam, which is the 

conductivity changes when the foam is mechanically compressed. Possible 

applications include sensor that is triggered by the mechanical deformation, as well 

as packaging materials for electrostatic discharge protection (ESD) and 

electromagnetic interference (EMI) shields.  

In addition, an up-scaling strategy through the assembling of smaller freeze-dried 

foams was investigated to provide a technique of using freeze-drying even for 

larger objects. The fifth paper was focused on making flexible biocomposites 

based on plasticised WG reinforced with a flax-fibre-weave, to demonstrate that 

the mechanical properties could be tailored by the use of plasticiser and/or 

reinforcing fillers.  
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2. INTRODUCTION  

2.1. Conventional porous materials 

Polymeric foams (or cellular plastics) are made up of a gas and solid phase mixed 

together to form a foam.9 Since the first introduction of foamed rubber,        

phenol-formaldehyde and urea-formaldehyde resins in the early twentieth century, 

the foam industry has dramatically developed in terms of the knowledge gained 

and the understanding of the fundamentals and principles.10 Nowadays, the 

foamed plastics have been extensively used in our daily life mostly everywhere. 

Conventional polymeric foams are made from petroleum-based raw materials, 

such as polyurethane, polystyrene and polyvinyl chloride etc. These foams are 

inexpensive to produce and their properties (e.g. softness, density and strength) 

can be tailored to meet specific needs.4, 11 Therefore, synthetic polymer foams have 

attracted great attention and been used in a wide variety of products with 

applications in packaging, thermal and sound insulation, cushioning and other 

fields where porous and lightweight structures are required.1 The global production 

of polymer foams is estimated to be 3.4 million tonnes per year with an annual 

growth rate of about 2.5% (2013).12 The IUPAC definition of foam is a dispersion 

in which a large proportion of gas by volume in the form of gas bubbles, is 

dispersed in a liquid, solid or gel. The diameter of the bubbles is usually larger than 

1 µm, but the thickness of the lamellae between the bubbles is often in the usual 

colloidal size range. 

Another outstanding material that has lightweight porous structure is aerogel. 

Steven Kistler invented the first aerogel back in 1931, who succeed to replace the 

liquid in silica gel with gas without causing shrinkage.13 Despite their extremely low 

density and outstanding thermal and acoustical insulation, their development was 

slow compared to the synthetic polymeric foams because of the time-consuming 

and traditional solvent-exchange steps. The recent findings allow this method to 
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be expanded and used in other aerogel preparations, such as nonsilicate inorganics, 

natural, and synthetic organic compounds. Most recent composite systems involve 

crosslinked aerogel-polymer, interpenetrating hybrid networks which exhibit 

remarkable mechanical properties of strength and flexibility as well as more exotic 

aerogels based on clays, chalcogenides, phosphides, doped quantum dots, and 

chitin.14-15 The name “aerogel” comes from the fact that they are classically made 

from gels. According to IUPAC, aerogel is defined as a gel comprised of a 

microporous solid (pore diameters of less than 2 nm) in which dispersed phase is 

a gas.16  

In the case of the porous materials presented in this thesis, the material was   

freeze-dried from a liquid-like suspension, the suspension was gel-like only when 

a cross-linker was added. Additionally, the pores in the material is range from 2 to 

144 µm in diameter, which is much larger than the pore diameter presented in the 

aerogels definition by IUPAC. However, the lamella between the pores is in the 

range of 1 to 5 µm, e.g. larger than the lamella size defined by IUPAC for foams. 

Thus, the term to be used can be argued, but foam is used for the porous materials 

which presented in the thesis.   

2.2. Foaming processes 

Polymeric foams need a gas source to expand and shape the plastics until they 

reach the cellular structure. This phenomenon refers to the foaming processes, 

which are the technologies that cause tiny bubbles to form within plastic materials, 

when the plastics solidify the bubbles remain. In most cases, blowing agents are 

needed to produce a porous structure in the polymer phase. They are normally 

categorized as chemical blowing agents (CBAs) and physical blowing agents 

(PBAs). CBAs are usually solid at standard temperature and pressure; they are 

blended into polymers in advance and liberate gases during the foam processing, 

due to chemical reaction or thermal decomposition. For example, sodium 
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carbonate yields carbon dioxide and water when temperature is over 120 °C. PBAs 

provide gas by changing in physical state. The change may involve boiling of a 

liquid or phase segregation within a gas-polymer system at elevated 

temperature/pressure after depressurization to atmospheric pressure.17 The 

common processes to produce foams are foam injection moulding, extrusion 

foaming, and compression moulding.  

2.3. Bio-based foams 

2.3.1. Renewable resources and bio-based polymeric foams 

Although polymeric foams are lightweight, they are difficult to recycle because of 

their bulky sizes.18 In addition, most commercial foams are made of fossil-based 

polymers that are nonbiodegradable. In some countries, only a small part of the 

plastic waste is recycled, most of it is either incinerated or placed in landfills.9 The 

use of landfills is unsustainable for the environment, and unpractical for the     

long-lived waste materials.19 There are also concerns regarding emission of 

greenhouse gases during plastics production. For example, chlorofluorocarbons 

were used as physical blowing agents in the foaming processes in the past. 

However, such gases were known to deplete the ozone layer and had been banned 

to use since the early 1990.10, 20-21 The fossil-derived foams are also extremely 

flammable, which could catch fire easily and cause accidents in some cases. 

Therefore, flame retardant agents are often needed for the foam productions. For 

a sustainable reason, there is a strong motivation to develop new foam-materials 

based on perennial renewable resources obtained from large-scale forestry or 

agricultural feedstock.19, 22-23 Numerous efforts have been made to develop 

biodegradable plastics, they are becoming increasingly important to both industry 

and consumers. The biodegradable plastics not only help with the reduction of 

wastes but also provide alternatives for the petroleum based polymers. Nowadays 

biopolymers can be built of, for example polysaccharides (e.g. cellulose, starch, 
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alginates, pectin, carrageenan, chitosan/chitin) or proteins (e.g. casein, whey, 

collagen, gelatine, corn, soy, wheat gluten).24 

2.3.2. Wheat gluten (WG) proteins 

One of the more interesting alternative is the wheat gluten (WG), which is a major 

co-product in ethanol-biofuel production.25 After fermentation and conversion of 

starch into ethanol, the gluten is obtained in adequate quantities with good quality 

at a comparatively low price (1 euro per kg).26 WG is extensively used in both food 

and non-food applications, the latter includes applications related to cosmetic and 

hair products, detergents, rubber and polymer products.27-28 One of the most 

interesting characteristics of the WG protein is its viscoelastic and good foaming 

properties,29-30 in combination with its ability to form disulphide (-S-S-) crosslinks 

between the protein molecules.31  

In general, wheat gluten proteins consist of two major subgroups, monomeric 

gliadin and polymeric glutenin. The terms monomeric and polymeric in this case 

refer to the quaternary structure of the proteins.32 Gliadin represents a 

heterogeneous mixture of the single-chained or monomeric gluten proteins with 

molecular weight (MW) between 30000 and 74000, while glutenin proteins consist 

of more peptide chains (subunits) associated through interchain disulphide bonds 

with MW ranging from 80000 to several millions.33 While gliadin is readily 

extractable in aqueous alcohols, glutenin is insoluble in most common solvents 

due to its large size. Gluten proteins contain a large amount of the amino acid 

glutamine, which contributes to significant hydrogen bonds, resulting in 

noncovalent bonds between glutenin and gliadin at ambient conditions.34  
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Figure 1. Illustration of thiol-disulphide exchange reactions during cross-linking of 

gluten proteins.  

One of the important features of WG is the presence of a relatively high amount 

of cysteine residues, which determines the important structural and functional 

properties via the formation of -S-S- crosslinks during denaturation.35 

Denaturation is required to yield the appropriate mechanical and barrier 

properties. There are several ways to achieve denaturation of the WG proteins, 

such as heat treatment, pH adjustment, or by using a denaturant, e.g., urea.36 

Heating is often the preference, which is easy to be carried out. It is found that      

-S-S- bonds play an important role in the polymerization and thermosetting of the 

wheat gluten network during heating, already a small increase in the amount of       

-S-S- bonds can result in a large increase in the network increasing.32 Glutenins 

crosslink above 70 °C, while gliadins crosslink at a temperature over 90 °C and 

become incorporated in the glutenin network.32, 37 The mechanism of gliadin-

glutenin cross-linking during heat treatment is illustrated as in Figure 1. With 

sufficient thermal supply, the conformation of protein chains changes, unfolding 

of the protein molecules leads to previously unavailable free -SH groups to 

polymerize glutenins. When the temperature is over 90 °C, these free -SH groups 
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could carry out nucleophilic attack on the sulphur atom of -S-S- bonds, as indicated 

by the arrows in Figure 1. Therefore glutenin can cross-link to gliadin through 

thiol-disulphide exchange reaction and the generated free -SH group can react 

further with either glutenin or gliadin,32, 38 and results in a strong WG network. In 

some cases, a plasticiser is required if the resulting pure WG material is brittle or 

higher toughness is needed. An increase in plasticiser content, however, decreases 

the strength, as well as the in-plane stiffness.39-41 If a low material extensibility can 

be tolerated, a possible strategy is to add reinforcing filler to the plasticised 

material.42-45  

2.3.3. Techniques for bio-based foam processing 

Several methods have been developed to make biofoams, such as freeze-drying46 

and the use of Pickering emulsions.47 Freeze-drying is a common technique used 

in food industry, for example, for making instant coffee. It is also commonly used 

in the pharmaceutical and biotechnology industries to improve the stability of 

formulations.48 Freeze-drying is based on the dehydration process by sublimation 

of water from a frozen product. The process consists of freezing the material and 

then reducing the surrounding pressure to allow the ice in the solid material to 

sublimate, leaving a porous structure. Due to the absence of liquid water and the 

low temperatures required for the process, most of deterioration and 

microbiological reactions are stopped which gives a final product of excellent 

quality.49 The solid state of water during freeze-drying protects the primary 

structure and the shape of the products with minimal reduction of volume. Recent 

studies on starch and wheat gluten have shown that a cellular structure can be 

achieved by freeze-drying.46, 50 Compare to the foaming processes in the 

conventional foam industry, freeze-drying could be considered as a “green” 

technique. In this case, water/ice turns to gas phase in the foam, and by varying 
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the freezing conditions, the shape and size of ice can be tailored and result in 

different cellular structures in the final foams.  

The emulsion template has emerged as an effective route to prepare porous 

polymer foams with a well-defined morphology since the latter is defined by the 

structure of the emulsion template at the gel-point of the polymerization.51 

Pickering emulsions are emulsions that are solely stabilized by small particles.52-53 

Blaker et al. demonstrated that it is possible to stabilize Pickering emulsions 

containing modified soybean oils within the continuous phase and having internal 

aqueous phase solely by hydrophobized bacterial cellulose nanofibrils. Such 

emulsion templates can be used for the synthesis of polymer foams with a porosity 

of ca. 70%.47  

2.4. Bio-based composites 

Bio-based composite materials are a new generation of composites where the 

constituent fibre and matrix phases are derived from natural and renewable 

resources, such as plant-based biomass.54 As such, bio-based composites provide 

realistic alternatives to petroleum-based traditional composites with comparable 

properties and in particular, biodegradability. Natural fibre-reinforced 

biocomposites have been used in several applications, for example, automobiles, 

packaging, aerospace, and building industries.55 A lot of research work has been 

carried out on biofibres reinforced synthetic polymers, which are partially 

biodegradable. This is because the synthetic polymers are so far the best 

engineering plastics and demanded for numbers of manufactures. However, more 

and more work has been focused on using biopolymeric matrix made of starch, 

protein, cellulose and lactic acid.56 

One common issue with bio-based composites is their hydrophilic nature (water 

linking giving moisture sensitivity) and low compatibility between the fibres and 
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the matrix. This can result in poor performance of the composites due to low  

fibre-matrix bonding or adhesion, nonhomogeneous fibre-matrix dispersion, and 

high content of porosity.57 Therefore, chemical surface treatments are considered 

to modify the surface properties of natural fibres, resulting in improved             

fibre-matrix adhesion. These chemical treatments include de-waxing, alkali 

treatment, peroxide treatment, acetylation, benzoylation, and treatment with 

various coupling agents.58 Alternatively, additives and crosslinkers are added to 

improve the interfaces between the matrix and the fibres. In composites based on 

protein related matrix, glutaraldehyde (GA) is commonly used as a crosslinker. 

Adjuvants such as glycerol, poly(vinyl alcohol) or stearic acid, are often used to 

improve toughness and/or hydrophobicity. Other plasticizers such as citrate or 

blends of citrate and derivative vegetable oil are used for cellulosic plastic 

formulations. The other disadvantage of biocomposites is the relatively low 

processing temperature (up to 200 °C) required in order to avoid fibre 

degradation.59 

2.5. Natural fibres as reinforcement to bio-based composites 

Natural fibres such as flax, hemp, nettle, kenaf and jute show excellent mechanical 

properties, high aspect rations, and low density (compared to the densities of glass 

and carbon fibres). As renewable materials, they have attracted great attention to 

replace synthetic fibres made of glass, carbon and aramid. The reasons or 

motivations are not only due to environmental concern (less health problems and 

recyclability of natural fibres), but also due to their low cost and specific properties. 

Natural fibres are expected to cause less skin irritations and they are not suspected 

of causing lung cancer. Natural fibres are thermal degradable, making their related 

composites possible to be thermal recycled without leaving large amount of slag. 

This is an important advantage over the inorganic fibres (e.g. glass fibres).   
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Flax (Linum usitatissimum L.) fibres have been used for textile applications in some 

cultures for more than 30 000 years. In Europe, 200 000 tons of flax are nowadays 

produced annually on 800 km2 of lands.60 From a European perspective, there is a 

clear advantage of the flax production over several other nature fibres. A flax fibre 

has a similar stiffness (30-70 GPa) as a glass fibre but much lower in the density.61 

Flax fibres are extracted from flax plants and require significantly less energy for 

production than glass or carbon fibres.62-63 The flax fibre consists of elementary 

flax fibres (also called single fibres) which are generally between 2 and 5 cm long 

with a polyhedron cross-section between 5 and 35 µm in diamer.61 The fibres 

consist of cellulose, hemicellulose and lignin, and their properties are affected by 

the relative contents of these constituents.  

2.6. Potential applications and challenges of bio-based foams 

and composites 

The development and the applications of bio-based materials are however limited 

because of their restrained strength, high sensitivity to moisture, and the 

processing techniques.19, 64 However, they may still replace conventional foams in 

applications where strength and moisture resistance are of low importance.  

Freeze-drying is one of the promising techniques to produce bio-based foams like 

structure as aerogels without using any blowing agent (simple water). However, to 

compete with conventional polymer foaming processes, the freeze-drying has to 

be relatively fast, which is accomplished by having a large surface area to volume 

ratio and small in size. It becomes impractical (energy consumption and time 

consuming) to freeze-dry substance with any dimension larger than 20 mm.65 In 

this thesis, an up-scaling strategy through the assembling of small freeze-dried 

foams was investigated to provide a possibility of using freeze-drying even for 

larger objects. From here on, the “water-welding” is defined as the specific 
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technique that developed to assemble foams together and the joints of the foams 

(interface) was defined as “weld”. Water was here applied as welding agent to the 

surfaces of foams and water-welded them together simply by pressing. It was 

found that large freeze-dried structures/foams can be obtained with homogeneous 

properties by using only water as foaming and welding agent. The possible 

mechanism has also been addressed in the thesis. 

The motivation of developing plasticised WG sheets reinforced with a commercial 

flax-fibre-weave was to synthesize a completely bio-based composite with a WG 

protein matrix available as a co-product, and a flax-fibre-weave could provide 

isotropic in-plane strength and stiffness as well as improved crack-resistance. At 

the same time, the addition of a plasticiser provides flexibility and greater 

toughness of the composite sheet. Glycerol is an effective plasticizer for proteins, 

which is also available as a cheap by-product from biodiesel production.66-67 A 

possible application for this type of composite material is, e.g., as an easily applied 

pre-made layer on a weaker and brittle plastic (bioplastic) tube, pipe or other plastic 

products of both simple and complex shapes to increase the stiffness, strength and 

crack resistance of the product. Another possibility is to coat the surface of the 

composites sheet with a thin epoxy film to increase the water resistance.   
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3. EXPERIMENTAL 

3.1. Materials and Chemicals 

Wheat gluten powder was kindly supplied by Lantmännen Reppe AB. According 

to the supplier, the powder consist of 85.2 wt% wheat gluten protein, 5.8 wt% 

wheat starch, 1.2 wt% lipid, 0.9 wt% of ash and 6.9 wt% of water. Glycerol 

(≥99.5%) was provided by Karlshamns Tefac AB, Sweden. Sodium hydroxide 

(NaOH, ACS>98%), tetraethyl orthosilicate (TEOS, 98%), 3-mercaptopropyl 

trimethoxysilane (MPTS, 95%), glutaraldehyde (GA, 50 wt% solution in water), 

reagent grade sodium borohydride (NaBH4), technical grade sodium dodecyl 

benzene sulfonate (SDBS) and anhydrous acetic acid (99%) were purchased from 

Sigma Aldrich. Limonene (R-(+)-limonene, 97%) was obtained from Alfa Aesar. 

Lanasol (2,3-dibromo-4,5-dihydroxybenzyl alcohol) was purchased from AApin 

Chemicals Limited, UK. Ethanol (96%) was supplied by VWR. Sodium dodecyl 

sulphate (SDS) was supplied by Duchefa (Haarlem, Netherlands) and 

monosodium phosphate (NaH2PO4 as a monohydrate) was supplied by Baker 

(Deventer, Netherlands). Trifluoroacetic acid (TFA) (Merck, Darmstadt, 

Germany) and acetonitrile (ACN) (Sigma-Aldrich, Steinheim, Germany) were of 

spectroscopy grade and chromatography grade, respectively. Water used in the 

work is Milli-Q water (18.2 MOhm cm at 25 °C). Flo Tube™ 7000 Vertically 

Aligned Carbon Nano Tubes (CNTs, >93%) were purchased from Cnano 

Technology Limited. The CNTs are multi-walled (6-8 nm wall thickness), with 

dimensions up to 40 µm long and 20 nm in outer diameter, as shown in Figure 2a. 

The carbon black (CB) was supplied by Orion Engineered Carbons as Printex XE 

2B and consisted of carbon particles of 20 nm in diameter. Figure 2b shows a TEM 

image of the CB aggregates. Graphene oxide (GO) was purchased as an aqueous 

suspension (0.5 wt% solid GO content, N002-PS-0.5) from Angstrom Materials, 

Dayton (USA). The lateral x/y dimensions were ca. 5000 nm and thickness was   
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1-1.2 nm. The chemical reduction of GO was carried out as described in Paper III. 

The morphology of reduced graphene oxide (rGO) is shown in Figure 2c. After 

reduction, the conductivity of the freeze-dried rGO sheets was found to be       

1850 S/m by 4-probe measurements on an ensemble of sheets on a                       

non-conductive surface.  

 
Figure 2. TEM images of (a) CNTs, (b) CB and (c) rGO. 

The flax-fibre-weaves (Biotex flax fibre 2/2 twill, warp yarns went repeatedly over 

and under two consecutive weft yarns) used in the composites were obtained from 

Easy Composites Ltd. UK, having a mass per area of 100 and 200 g/m2, and 

average thickness of ca. 150 and 300 µm respectively. These yarns consisted of    

ca. 45 and 180 fibres, respectively, with a diameter of ca. 20 µm. 

3.2. Preparation of WG-based foams  

3.2.1. Pure WG foam 

WG powder of 20 g was dispersed in a beaker containing 100 mL Milli-Q water 

under magnetic stirring. The pH of the dispersion was adjusted to 11 by adding    

1 M NaOH to favour the denaturation of the WG.68 After stirring the WG aqueous 

dispersion for ca. 10 min, additional Milli-Q water was added to a total volume of 

120 mL. The beaker containing the WG dispersion was placed in a silicone oil bath 

with temperature controlled by a digital contact thermometer (IKA® ETS-D4), 
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and heated to 90 °C. Meanwhile, the WG dispersion was foamed by using a Yellow 

Line Di 25 basic homogenizer from IKA, equipped with a S25N-18G dispersion 

tool. The suspension was then removed from the oil bath and cooled to room 

temperature at ambient conditions. After that, the dispersion was poured into 

cuboid silicone moulds (10 × 10 × 11 mm3 and 125 × 13 × 10 mm3) and     

cylinder-shaped moulds (diameter=25 mm; height=12 mm). The filled moulds 

were frozen in liquid nitrogen (–196 °C) for ca. 3 min (10 min for the 125 × 13 × 

10 mm3 samples), or in a freezer (–25 °C) for 12 h before being freeze-dried  

(ScanVac CoolSafe freeze-dryer) for 24 h (48 h for the 125 × 13 × 10 mm3 

samples). Figure 3 illustrates the entire preparation of WG foams. The foams are 

referred to as WG/–196 and WG/–25, respectively, depending on the freezing 

temperature. 

 
Figure 3. Preparation of WG foams.  

3.2.2. WG/silica hybrid foams 

A hydrolysed solution of TEOS was prepared by mixing 10 g of TEOS with 4.9 g 

of a 40 vol% solution of ethanol in water. The molar ratio of H2O:TEOS was 4:1. 

As a catalyst, 0.12 g of 1 M hydrochloride acid (HCl) was added to the TEOS 

solution.69 The solution was stirred at room temperature for ca. 1 h. It was assumed 

that the complete hydrolysis of TEOS was achieved after 1 h, which resulted in a 

transparent gel of silicic acid Si(OH)4. Meanwhile, 10 g of WG powder was 

dispersed separately in 120 mL Milli-Q water followed by same denaturation 

procedure as described in the previous section. The denatured WG suspension 

was cooled to room temperature. The final suspension was obtained by dropwise 
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addition of the Si(OH)4 gel to the WG dispersion, which was mixed by 

homogenizer, allowing uniform mixing of the silica precursor phase with WG. The 

suspension was then freeze-dried. The above preparation route refers to the foam 

derived from 50 wt% WG + 50 wt% TEOS. The amounts of TEOS added       

were: 5, 10, 20, 30, 40, 50 and 80 wt% relative to the total solids content 

(WG+TEOS). The relative ratios of the chemicals used for the hydrolysis of 

TEOS remained constant. Assuming complete hydrolysis and condensation of the 

TEOS into silica, the samples produced with TEOS contents of 5, 10, 20, 30, 40, 

50 and 80 wt% corresponded to silica contents of 1.5, 3.1, 6.7, 11.0, 16.1, 22.4 and 

53.6 wt% respectively. The samples frozen in liquid nitrogen (–196 °C) and in the 

freezer (–25°C) were named WG with the TEOS content followed by the freezing 

temperature; e.g. WG/50TEOS/–196.  

When MPTS was used as silica precursor, following the hydrolysis procedure for 

TEOS except that the molar ratio of H2O:MPTS was 3:1, and 0.04 g of 1 M HCl 

was used as catalyst. The suspension was frozen at –25 °C and the resulting foam 

is referred to as WG/20MPTS/–25. 

3.2.3. Glutaraldehyde-crosslinked WG foam 

In some cases, foams were cross-linked with 8 or 16 wt% (relative to the WG 

content) of GA.  GA solution was dropwise added to the denatured WG 

dispersion at room temperature, followed by additional homogenization for 10 

min before hydrolysed TEOS was added. The samples with GA were identified 

with WG followed by the TEOS content, GA content, and the freezing 

temperature, e.g. WG/30TEOS/8GA/–25.  
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3.2.4. WG-based foams containing carbon fillers 

To prepare the plasticized WG foam, WG powder (5 g) was slowly added to 50 

mL Milli-Q water under magnetic stirring. The pH of the dispersion was adjusted 

to 11 by dropwise addition of 1 M NaOH aqueous solution and then stirred for 

10 min. The total volume of Milli-Q water was then adjusted to 60 mL, and 2.2 g 

of glycerol was added. The procedure was then followed by heating, cooling, filling 

the moulds (10 × 10 × 11 mm3), freezing, and freeze-drying according to section 

3.2.1. The final foam was named as WGG. 

To prepare the foam containing 2.5 wt% CNTs, first, 0.13 g of the surfactant 

SDBS was dissolved in 50 ml of Milli-Q water under magnetic stirring, and 0.13 g 

of CNTs was slowly added. The mass ratio of SDBS to CNT was kept at 1:1 in all 

the samples. The mixture was sonicated for 10 min in an ultrasonic bath (Branson 

2510DTH), and 5 g of WG powder was then added slowly to the mixture. The 

rest of the preparation was the same as that of the WGG foam. This composition 

resulted in 0.15 vol% CNTs in the final freeze-dried foam (equal to 2.5 wt% CNT 

in the CNT/WG mixture), and this foam was referred to as CNT(0.15). When CB 

or rGO was used as conductive filler, the preparation followed the same procedure 

as with the CNT(0.15) foam, the only difference being the filler type and the 

amount used. Table 1 shows the composition of all foams containing carbon fillers. 

All the samples were made of 60 ml Milli-Q water, 5 g WG and 2.2 g glycerol and 

were named according to the filler type and volume percentage of conductive filler 

used. 
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Table 1. Compositions of foams containing carbon fillers. 

aFiller content in volume percentage of the foam; bFiller content in weight percentage of 

the filler-WG weight. 

3.3. Up-scaling of WG-based foams 

Water-welding method was investigated to scale up the WG foams. The           

water-welding between two foams were carried out by first water-wetting of faces 

and then pressing them together. The amount of water used for each face was 

controlled by continuously dabbing the WG cube onto a wet filter paper in the 

glass petri dish which was placed on a balance, as shown in the Figure 4. The 

weight of sorbed water was obtained by recording the loss of water observed from 

the balance. The pressure was controlled by placing the wetted WG cube(s) on top 

of each other on the balance and then pressing down manually while recording the 

load. The load (10, 50 and 150 g) was converted to pressure using the whole side 

surface of the foam. The welding time that two WG foam cubes were pressed 

together, was always 5 s. 

Sample Filler content (vol%)a Filler content (wt%)b 

WGG 0 0 

CNT(0.15) 0.15 2.5 

CNT(0.18) 0.18 3.0 

CNT(0.20) 0.20 3.5 

CNT(0.22) 0.22 4.0 

CNT(0.24) 0.24 4.5 

CNT(0.26) 0.26 4.8 

CNT(0.41 ) 0.41 10.1 

CNT(0.49) 0.49 15.0 

CB(0.27) 0.27 4.8 

CB(0.44) 0.44 10.1 

CB(0.53) 0.53 15.0 

rGO(0.39) 0.39 10.1 
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Figure 4. Water-welding of WG foams.  

3.4. Preparation of WG-based composites 

Two methods have been developed to prepare WG/flax composites; one is by 

dip-coating the flax-weaves in a denatured WG suspension, the other method is 

by using compression moulding. 

3.4.1 Dip-coating method 

Weaves with mass per area of 100 g/m2 was used for dip-coating. The WGG 

solution (Glycerol-plasticised wheat gluten) used was consisting of 81 g ethanol, 

54 g water, 5 g glycerol and 15 g WG. The formulation was investigated by 

Olabarrieta et al, which is suitable for solution casting of WG films resulted in 

sheets contain 25 wt% of glycerol (per total weight of glycerol and WG).70 WGG 

solution was prepared by first dispersing WG powder in a beaker containing 

ethanol under magnetic stirring. After 20 min, water was added to the mixture and 

stirred for a further 20 min. The pH was adjusted to 4 by using acetic acid. The 

beaker containing the mixture was then heated in a silicone oil bath (with stirring) 

to 90 °C, allowing the denaturation of the WG proteins.71 The mixture was then 

cooled to room temperature, and glycerol was added. The mixture was finally 

stirred for another 30 min to achieve good dispersion, and then poured into a Petri 

dish in order to perform horizontal dip-coating. The flax-weave was then slowly 
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dipped horizontally into the WGG solution until the entire weave was immersed. 

The weave was kept there for 5 min and then slowly removed by lifting it up from 

one side, so as to end up vertically above the mixture. In that position, it was 

allowed to hang under ambient conditions overnight. A second dip-coating was 

carried out the day after, with the previous upper side as the downside. A third 

dip-coating was carried out the day after the second dip. For each dip-coating, a 

new WGG solution was used. For the vertical dip-coating, the same recipe was 

used but the amount of the WGG solution was twice in order to be able to dip the 

entire weave vertically into the liquid. The notations H1, H2, H3, V1, V2 and V3 

refer, respectively, to weaves dipped once, twice and three times horizontally (H) 

and vertically (V). WGG film (without weave) was produced by casting the WGG 

solution in a petri-dish (referred to as WGG-C).  

3.4.2 Compression moulding method 

Weaves of 200 g/m2 were used for the compression-moulded composites, since 

the 100 g/m2 weave was too weak for the pressing process. Wheat gluten and 

glycerol (20 or 30 wt%) were mixed into a dough (WGG dough) by using a mixer 

(Kenwood Major KM615 900 W, Kenwood Ltd, UK) with a K-beater accessory. 

Compression moulding was carried out by using a platen hot press (Fontijne       

TP-400, NL). First, 16 g of the dough was pressed inside a 0.5 mm thick circular 

mould (inner diameter = 21 cm, outer diameter = 22 cm) at 70 °C for 3 min under 

a load of 200 kN (ca. 5.8 MPa). The temperature was kept at 70 °C to prevent early 

cross-linking of the proteins. The obtained WGG sheet was evenly cut into halves 

and placed on each side of the weave. This three-layer structure was then 

compression-moulded using a 1 mm thick circular mould (inner diameter = 21 cm, 

outer diameter = 22 cm). The set up was illustrated in Figure 5. A force of 5 kN 

(ca. 0.3 MPa) was applied during preheating, and the main pressing started at         

90 °C, using a force of 100 kN (ca. 5.8 MPa on the composite material). After the 
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pressing started, the plates were heated to 140, 150 or 160 °C, respectively. The 

force and temperature were maintained for 5 min, and the sample was then cooled 

to 40 °C, while the plates and the sample were held together without excessive 

force. For every composite made, a WGG sheet without weave was also produced 

under the same conditions. The abbreviations given to the compression-moulded 

samples are CC (flax/WGG composite) and CM (WGG matrix), followed by the 

glycerol content and a possible second number refers to the temperature of the 

main pressing step; e.g. CC20-150 is the compression-moulded composite with 20 

wt% glycerol pressed at 150 °C. The content of flax in the dip-coated and 

compression-moulded samples was calculated from the weave and sample masses 

per area.  

 
Figure 5. Compression moulding setup of WG/flax composite.   
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3.5. Foam characterization 

3.5.1. Field-emission scanning electron microscopy (FE-SEM) 

The morphology of the samples was studied by using FE-SEM Hitachi (S-4800). 

The foams were fractured after frozen in liquid nitrogen for 20 min. The 

specimens were then carefully fixed on aluminium sample holders using carbon 

paste, and dried in a vacuum (ca. 300 mbar) at room temperature for 3 h. Before 

examination in the microscope, the specimens were coated with 

platinum/palladium (60/40) for 120 s, using a Cressington High Resolution 

Sputter Coater (model 208HR). To observe the silica structure after removal of 

the WG component, taken from the mixture just before the freezing in the    

freeze-drying operation, the mixture was centrifuged in a Rotina 420 three times 

at 25 °C and 188 RCF for a total time of 30 min. Between the centrifuging 

operations, the supernatant was decanted and replaced with 40 mL Milli-Q water, 

followed by shaking until the suspension became homogeneous. After the 

centrifuge, the precipitate was collected and dried in an oven at 80 °C for 48 h. 

 
Figure 6. (a) Setup of the UL94 vertical burning test, and (b) Illustration of classifications. 
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3.5.2. UL94 vertical burning test  

The UL94 vertical burning test was used to characterize the flammability of the 

foams. All the specimens were conditioned at 23  1 C and 50  2% RH for at 

least 48 h prior to the tests. Each specimen was fixed vertically ca. 300 mm above 

a cotton layer, as shown in Figure 6a. The cotton was conditioned in a desiccator 

containing silica gel for at least 24 h prior to the test. The propane driven burner 

with ca. 2000 °C (ca. 20 mm high) was applied vertically at the bottom of the 

specimen for 10 s, and then, if the flame self-extinguished, the burner was applied 

again for 10 s. For each foam, five specimens were tested. The flammability data 

(e.g. after-flame time after each 10 s burning) was compared with the UL94 criteria 

(Table 2) for the classifications: V-0, V-1 and V-2, as illustrated by Figure 6b. To 

compare the flammability of hybrid WG foams (WG/30TEOS/8GA/–25) with 

commercial polyurethane (PUR, density of 150 kg m–3, www.kinn.com, Sweden) 

foams, a comparable fire test was complemented with thermographic imaging 

using a FLIR E-30 infrared camera (FLIR Systems, USA) at intermediate time 

steps during the UL94 test. The images were taken after the two foams were 

simultaneously ignited.  

Table 2. Criteria conditions for UL94 classifications 

Criteria condition V-0 V-1 V-2 

Afterflame time for each individual specimen ≤10s ≤30s ≤30s 

Total afterflame time for all 5 specimens of any set ≤50s ≤250s ≤250s 

Flaming and glowing time for each specimen after 

second flame application 

≤30s ≤60s ≤60s 

Afterflame or afterglow of any specimen up to the 

holding clamp 

No No No 

Cotton ignited by flaming particles or drops No No Yes 
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3.5.3. Thermogravimetric analysis (TGA) 

Thermogravimetric analysis was carried out using a Mettler-Toledo TGA/DSC 1 

LF/905. WG and WG-based hybrid foams (ca. 7 mg) were placed separately in 

alumina pans (70 μm), heated from 30 to 100 °C at a heating rate of 10 °C min–1 

in O2 atmosphere with a gas flow of 50 ml min–1. Then the temperature was kept 

at 100 °C for 20 min in order to eliminate adsorbed moisture in the foams. The 

foams were then heated to 900 °C at a heating rate of 10 °C min–1.  

3.5.4. Sorption in water and limonene 

The absorption tests were carried out by immersing the foams in Milli-Q water or 

in limonene for certain periods, followed by measuring the weight on a Precisa 

balance (Type: XR 205SM-DR). To improve the foam integrity in water, foams 

were thermal-treated in an oven at 130 °C for 2 h (air atmosphere) prior to sorption 

tests in water.  

3.5.5. Antimicrobial test 

5 mL of a 1.4 × 10-4 g/mL Lanasol/acetone solution (yielding a foam with 4 wt% 

Lanasol, a suitable concentration according to previous work72) was added 

dropwise to the upper side of the cuboid foam, all the Lanasol added remained in 

the foam. Due to the large network of open cells, the Lanasol spread from the top 

evenly throughout the foam (as shown by the uniform reddish color in cross 

section, Figure 7b). In the next step, when the acetone was allowed to evaporate 

at ambient conditions, Lanasol was transported with the acetone to the surface of 

the foam, resulting in a Lanasol-dense surface region (Figure 7c). When immersing 

the foam in water for 0.5 h, the Lanasol could be redistributed inside the foam, 

which shrank after oven-drying at 30 °C (Figure 7d). The foams containing Lanasol 

were tested against bacteria using the agar diffusion test to evaluate the inhibition 
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of bacterial growth. The analysis of the results is based on the assumption that 

antibiotics diffuse freely in the solid nutrient medium (agar plate).73 The glasswares 

used in the test were sterilized in an autoclave, at 120 °C for 10 min, exposed to 

60 vol% ethanol in water, then 2 s in a flame from lighter. 50 μl of 109 CFU/ml 

(colony-forming units per millilitre) Escherichia Coli (E. coli, strain: ATCC 11775) 

was placed on the agar dextrose and spread out gently using an L-shaped glass 

stick. The dried samples were attached to the center of the agar plate, which was 

sealed to the lid with a Para film. All the plates were kept in an oven at 30 °C for 

3 days and pictures were taken of the agar plates to reveal the presence of bacteria.  

 

Figure 7. (a) Pristine WG/–25 foam, (b) cross-section of foam directly after dropwise 

addition of Lanasol/acetone solution, (c) after removal of acetone (the whiter part is the 

cross-section), (d) dried foam after swelling in water. 

3.5.6. Infrared (IR) spectroscopy 

IR spectra based on 16 scans were recorded using a Spectrum 2000 FTIR 

spectrometer (Perkin-Elmer inc., USA), equipped with an attenuated total 

reflectance crystal accessory (Golden Gate). All the samples were scanned in the 

4000-600 cm-1 interval at 1 cm-1 resolution. 

3.5.7. Compression test 

Compression test was performed on cylindrical samples using an Instron 5566 

universal testing machine with a 500 N load cell. Instron compression plates 
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(T1223-1021), with a diameter of 50 mm, were used in accordance with ISO 

844:2007 for rigid foams. Before the tests, all the specimens were conditioned at 

23 ± 1 °C and 50 ± 2% RH for 5 days. The compression rate was 10% min–1 of 

the original specimen thickness and the final compressive strain was 80%. For each 

sample, 5 specimens of each sample were tested. 

3.5.8. Thermal diffusivity by laser flash analysis (LFA) and heat capacity by 
differential scanning calorimetry (DSC) 

The thermal diffusivity was determined using the laser flash technique (LFA457, 

Netzsch, Germany). 1.5 to 4 mm thick cross-sections of the small cuboidal samples 

were taken and affixed between two aluminium plates using a thin layer of 

thermally conducting silver paste. Five measurements were made at each 

temperature, and at least two samples of each material were used. The diffusivity 

was calculated using the model provided in the software of LFA Analysis (ver. 6.0, 

Netzsch). The resulting half-time (t0.5) and the thickness (d) of the foam layer were 

then fed into the standard Cowan model:74  

D = 0.1388 d2/t0.5                           Equation (1) 

The specific heat capacity (Cp) was measured using a Mettler Toledo DSC 1 in N2 

atmosphere, with a gas flow rate of 50 mL min–1. Two 100 L aluminium pans, 

one empty and one with 13  1 mg sample, were used. Both pans were first heated 

from 25 °C to 120 °C at a heating rate of 10 °C min–1, and kept at 120 °C for 5 

min. After being cooled to 25 °C at a cooling rate of 10 °C min–1, they were then 

heated a second time from 25 °C to 80 °C at a heating rate of 1 °C min–1. The 

reason for using the second heating to determine Cp was to avoid further 

denaturation of proteins, which occurred during the first heating process. The 

specific heat capacity was calculated according to:75 

Cp = ΔQ/(m∙v)                                      Equation (2) 
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where ΔQ is the difference in heat flux between the pan with sample and the empty 

pan, m is the weight of the sample and v is the heating rate. The thermal 

conductivity (λ) was obtained as:75  

λ = D∙Cp∙ρ                                       Equation (3) 

3.5.9. Size-exclusion high-performance liquid chromatography (SE-HPLC) 

The protein solubility of the foams was evaluated by SE-HPLC, following the 

three-step extraction procedure according to Gällstedt et al.76 In the first extraction 

(Ext. 1), 16.5 ± 0.05 mg of foam was suspended in 1.4 mL of 0.5% sodium dodecyl 

sulphate (SDS)-phosphate buffer (pH = 6.9) and vortexed for 5 s. The suspension 

was then stirred for 5 min at 2000 rpm and centrifuged for 30 min at 8500 rpm to 

obtain the supernatant proteins. In the second extraction (Ext. 2), the pellet was 

re-suspended in a new SDS buffer as above and then sonicated in an ultrasonic 

disintegrator (Soniprep 150, Tamro, Sweden) for 30 s, amplitude 5, fitted with a 3 

mm exponential micro-tip. The samples were then centrifuged for 30 min to obtain 

a supernatant of proteins. In the third extraction (Ext. 3), the pellet was again        

re-suspended in a new SDS buffer and sonicated as above for 30 + 60 s to obtain 

a supernatant proteins.77  

An in-line filter system was used for the SE-HPLC analysis performed on a Waters 

HPLC system using a BIOSEP SEC-4000 Phenomenex column. Separation was 

obtained during 30 min by loading 20 μL of sample into an eluant of 50 vol% 

acetonitrile and water containing 0.1 vol% TFA at a flow rate of 0.2 mL min–1. The 

proteins were detected using a Waters 996 Photodiode Array Detector (Waters, 

Milford, USA), and the absorption chromatograms were obtained at 210 nm. Six 

replicates were measured. To evaluate the total amount of proteins extracted from 

the samples, the nitrogen content in the residual material after the three extractions 

was determined. After freeze-drying, the mass of the whole residual sample was 
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determined and the nitrogen content was obtained using the Dumas method 

according to Newson et al. in an Elemental Analyzer (Flash 2000, Thermo 

Scientific).37 Acetanilide was used as a standard and the protein content was 

normalized using 5.7 as the conversion factor. Considering the fairly large amount 

of unextracted protein after the three-step extraction (ca. 30 wt%), the protein 

solubility/amount of extracted material after the three-step extractions of the 

pristine wheat gluten foam was used as reference. The protein solubility of the 

other samples was normalized with respect to the solubility value of pristine wheat 

gluten foam. 

3.5.10. Simultaneous electrical and mechanical measurements 

The electrical resistance of the foam was measured simultaneously during the 

compression test by connecting a source measure unit (Keithley 2450 

SourceMeter, SMU) to the foam, as shown in Figure 8. Two parallel conductive 

copper plates were attached directly to the sample with a layer of conductive 

colloidal graphite paste (TedPella, USA) between the copper plates and the sample. 

A thin insulated copper wire (0.36 mm in outer diameter) was soldered onto the 

copper plates and the wires were connected to the SMU. The resistance of the 

wires and the adhesive was negligible compared to the resistance of the foam, and 

a polyethylene film (0.075 mm thick) was used as galvanic insulation between the 

metallic compression plates and the sample. The dimensions of the specimens 

were measured with a digital calliper prior to and after the compression, and the 

initial dimension of the specimen were 10 × 10 × 11 (mm)3. The deformation rate 

was 1 mm min-1.   
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Figure 8. Compression testing of foam with simultaneous resistance measured. 

3.5.11. Three-point bending on water-welded foams 

A three-point bending fixture was mounted on an Instron 5944 MicroTester 

machine equipped with a 500 N load cell. The samples consisted of four cubes 

with three jointed interfaces, as shown in Figure 9a. As a comparison, a larger 

sample without joints (the weld-free sample) was also tested (Figure 9b). Each 

sample set consisted of 5 such specimens. All samples were conditioned at              

23 ± 1 °C and 50 ± 2% RH for a minimum of 72 h before measurements. The 

span length (the distance between the two supporting pins) was 20 mm. The test 

was carried out by lowering the loading pin at 10 mm min-1 until the specimen 

fractured. For each specimen, the flexural response of the specimen was obtained 

by recording the load applied (P) and the resulting strain (deflection (δ)/original 



————— Experimental ————— 

 

30 
 

specimen height (h)). The flexural stress was calculated using the following 

equation:78 

σ =
3𝑃𝐿

2𝑏ℎ2
                                           Equation (4) 

where L is the support span (20 mm) and b is the specimen width. The average 

flexural stress at break of each sample was then calculated from 5 replicates. The 

average flexural modulus was calculated by using the following equation:79 

𝐸𝑓 =
𝐿3

4𝑏ℎ3
𝑃

𝛿
                                            Equation (5) 

where P/δ is the gradient/slope of the load-deflection curve (the secant between 

0 and 1% flexural strain). 

 

 

Figure 9. Three-point bending setup for (a) water-welded samples, and (b) the weld-free 

sample. 
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3.6. Composites characterization 

3.6.1. Scanning electron microscopy  

Surfaces of tensile fractured specimens or specimens cut with a surgical blade (No. 

26, Swann-Morton, UK), were observed in a Hitachi S-4800 FE-SEM. The cross 

sections of specimens were sputtered with a platinum/palladium (60/40) alloy, 

using a Cressington 208HR high-resolution sputter (20 s at 80 mA). 

3.6.2. Tensile test  

Tensile tests were performed on an Instron 5944 Universal Testing Machine using 

extension rates of 50 and 10 mm min-1 for samples with and without notch, 

respectively. For the samples with notch were cut to a rectangular shape (10 mm 

× 50 mm) and a 3 mm notch was made with a surgical blade (No. 26, Swann 

Morton, UK) on one side of the sheet perpendicular to the tensile direction.80 

Specimens without notches were punched out from the sheets into dumbbell-

shaped specimens with a 20 mm gauge length and 4 mm wide narrow region             

((ISO527-2:1993 (E), sample type 5A). The gauge length was 30 mm. All the 

samples were conditioned at 23 ± 1 °C and 50 ± 2% RH for at least 48 h, and 5 

replicates were used. The energy at break was calculated from the integral of the 

force-displacement curve divided by the initial cross-sectional area behind the 

notch.81 
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4. RESULTS AND DISCUSSION 

4.1. WG-based foam – Morphology, cell size and porosity 

4.1.1. Effect of the freezing temperature 

Figure 10 shows the cross-sectional morphologies of WG/–25 and WG/–196, 

respectively. The –196 °C foam had significantly smaller cells and more 

emphasized anisotropic cell structure than those of the –25 °C foam. The cell size 

was determined as the largest diameter within the cell by using FE-SEM images, 

the average cell sizes (50 measurements of each sample) of different samples were 

presented in Table 3. The –196 °C foams had a cell diameter in the range of 2-10 

m, whereas the –25 °C foams showed larger cell diameters of ca. 50 µm. The cell 

shapes of –25 °C foams were more of elongated cuboidal, penetrating the material 

in the direction of the ice crystal growth, as shown in Figure 10a. The inserts show 

the photographic images of the corresponding foams, the foam with smaller cells 

appeared brighter in the colour compared to that with bigger cells.  

 
Figure 10. FE-SEM images of foams frozen at (a) –25 °C and (b) –196 °, the inserts show 

photographic images of foams. 
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Table 3. Specifications of the foam samples’ composition, freezing conditions, and their 

densities.  

aGA content relative to the WG content. Fail = did not meet any classification within the 

standard/burned readily. bThe full samples burned up till the sample holding clamp with 

drops of flaming material that ignited the cotton under the samples. N/A = not applicable. 

SET1 = average self-extinguished time after first 10 s application of the burner.               

SET2 = average self-extinguished time after second 10 s application of the burner. 

4.1.2. Effect of silica content  

Figures 11a-d show the cross-sections of foams prepared at –25 °C with different 

amounts of TEOS. In general, mainly open cells were observed for all the foams. 

The foam structures in the samples with 30% and 50% TEOS (Figures 11c and 

11d, respectively) exhibited a fracture surface with a more “glass-like” structure 

with sharper cell-wall edges. The higher magnifications (Figures 11e-h) show that 

a morphological transition in the material structure occurred between 20 and 30% 

Sample ID 
WG 

(wt%) 

TEOS 

(wt%) 

GA 

(wt%)a 

Cell size 

(µm) SEM 

Density 

(kg/m3) 

UL94 

classification 

SET1 

(s) 

SET2 

(s) 

WG/–25 100 0 0 49 130.4 ± 7.6 Fail > 68.6b N/A 

WG/5TEOS/–25 95 5 0 65 157.0 ± 3.2 Fail 35.4 17.5 

WG/20TEOS/–25 80 20 0 44 162.6 ± 2.5 Fail 32.6 17.6 

WG/30TEOS/–25 70 30 0 65 151.1 ± 4.6 V-0 0 1.2 

WG/40TEOS/–25 60 40 0 58 157.4 ± 2.0 V-0 0.2 0.2 

WG/50TEOS/–25 50 50 0 83 134.1 ± 6.8 V-0 0.4 0.4 

         

WG/–196 100 0 0 4 140.0 ± 5.7 – – – 

WG/5TEOS/–196 95 5 0 5 165.9 ± 10 – – – 

WG/20TEOS/–196 80 20 0 6 133.7 ± 2.4 V-0 3 1.7 

WG/30TEOS/–196 70 30 0 5 141.0 ± 4.2 V-0 0.2 0.4 

WG/40TEOS/–196 60 40 0 4 157.8 ± 7.1 – – – 

WG/50TEOS/–196 50 50 0 6 127.0 ± 3.6 – – – 

         

WG/20TEOS/8GA/–
25 

74 20 6 85 146.2 ± 3.9 V-0 0.2 0.4 

WG/30TEOS/8GA/–

25 
65 30 5 144 140.0 ± 6.7 V-0 0.1 0.4 
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TEOS samples. The 20% TEOS samples showed a uniform cross-sectional 

morphology of the cell walls with well distributed silica particle phase embedded 

in the walls (Figure 11f), whereas the 30% TEOS showed a surface which 

emanated from a consolidation of a more unevenly blended WG-silica suspension. 

The same type of graininess morphologies were also observed in the cross-

sectional cell walls in foams prepared with 30% TEOS and frozen at –196 °C (not 

shown). 

 
Figure 11. FE-SEM images of foams frozen at –25 °C prepared with (a) 0, (b) 20, (c) 30 

and (d) 50% TEOS. Images (e), (f), (g), and (h) correspond to magnified areas of the 0, 

20, 30 and 50% TEOS foams, respectively. 

As shown in Table 3, there was no specific trend in foam density values with 

different contents of silica. The densities varied between 127 and 166 kg m–3, which 

depended primarily on the water content in the mixture before the freeze-drying, 

since the water was eliminated as ice crystals in the sublimation process and 

resulted in pores. Assuming density of 2200 kg m–3 for fused SiO2 and 1300            

kg m–3 for WG,82 the porosities of the foams were calculated to be 87-91 vol%. 

4.1.3. Bimodal WG foam  

A thermal treated WG/–25 foam was immersed in water for 1 h, the swollen foam 

was then freeze-dried. The resulting foam showed a surprisingly bimodal cell 
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distribution, as shown in Figures 12b-d. The foam contained very large cells (400 

µm in diameter) surrounded by thick cell walls (26 µm). While the initial cell size 

was of ca. 50 µm (Figure 12a) with ca. 5 µm thick cell walls. This revealed that the 

initial cells and cell walls had expanded during swelling. The substantial water 

uptake in the cell walls and the subsequent sublimation of the small ice crystals 

during the freeze-drying led to highly porous cell walls containing numerous 

isoporous ca. 2 µm cells. The density of these bimodal foams was only 59 kg/m3, 

and the calculated porosity was 95.5%. 

 
Figure 12. FE-SEM images of the cross sections of (a) WG/–25 foam and (b-d) bimodal 

WG foam (freeze-dried foam of swollen WG/–25). The scale bars in a-d are 50, 150, 75 

and 25 µm, respectively.  

4.1.4. Conductive WGG foam 

Figure 13 shows cross-sectional morphologies of the virgin glycerol-plasticised 

wheat gluten foam (WGG) and the WGG foams with different volume fractions 

of CNTs, CB or rGO. The WGG foam had a lamellar structure, which initiated 
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from the direction of ice crystals growth during the freezing of the WGG 

suspension prior to the freeze-drying (Figure 13a). The lamellar structure became 

less elongated with the presence of the fillers at contents larger than 0.3 vol%       

(cf. Figure 13a and 13c-f). It is suggested that the decrease in cell anisotropy is due 

to the fillers acting as nucleation points for formation of ice. At the highest 

contents of CNTs (0.41 and 0.49 vol%; Figure 13c and d), the lamellar structure 

became more bordering ellipsoid-like. This is possibly a combination of nucleation 

effect and viscosity increasing caused by higher content of fillers, which made 

water more difficult to migrate to the growing ice crystals. In Table 4, although the 

average pore size decreased from 1187 to 404 µm with increasing CNT content, 

the density of the materials remained basically the same (170–190 kg/m3). The 

porosity was also relatively unaffected by the addition of the CNTs and varied only 

between 85 and 88%. 

 
Figure 13. FE-SEM micrographs of plasticised-WG foam with (a) 0% filler, (b) 0.26 vol% 

CNT, (c) 0.41 vol% CNT, (d) 0.49 vol% CNT, (e) 0.44 vol% CB, (f) 0.39 vol% rGO. 

White arrows indicate agglomerates.   

Figure 13e shows the cross-sectional morphology of the WGG foam with 0.44 

vol% CB particles. This foam has smaller and less anisotropic cells than the CNT 
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foams, indicating a more significant ice nucleation effect of the CB nanoparticles 

(cf. Figure 13c and e). It is suggested that this is due to the smaller size of the 

individual CB particles (ca. 20 nm in diameter) than that of individual CNTs         

(ca. 20 nm in diameter and up to 40 µm long). Foams with a given amount of filler 

content, the CB particles provide more surface areas for ice to be nucleated 

compare to the CNTs. In agreement with this suggestion, the ice nucleation effect 

of rGO flakes was similar to that of CNTs, as observed from the foams having 

similar anisotropy and cell size for a given amount of carbon filler of ca. 0.4 vol%. 

(cf. Figure 13c and f, and Table 4). Table 4 also shows that, as the pore size 

decreased for the CB foams with increasing CB content, the density increased from 

ca. 180 to 190 kg/m3. The difference in density was small but stood in contrast to 

the density values for the rGO filled foams, which showed the lowest densities of 

all the prepared foams (167±2 kg/m3). 

Table 4. Properties of the WGG-based foams 

Sample 

ID 

Density1 

(kg/m-3) 

Pore size2 

(µm) 

ɸ3 

(%) 

E4 

(KPa) 

Cond. 

ratio5 

WGG 179±2 1187±336 86.1 36±4 1 

CNT(0.15) 172±5 1178±390 86.2 13±3 1.3 

CNT(0.26) 190±6 1149±462 85.3 16±2 1.6 

CNT(0.41) 170±2 555±147 87.9 33±8 1.6 

CNT(0.49) 172±5 404±156 88.8 35±11 2.1 

CB(0.27) 184±18 384±150 85.8 18±12 1.6 

CB(0.44) 189±17 133±21 86.6 15±10 1.1 

CB(0.53) 192±6 135±30 87.5 21±7 0.5 

rGO(0.39) 167±2.3 561±146 88.2 26±7 0.8 

1Average density ± standard deviation from 5 specimens, 2Average cell size ± standard 

deviation from a minimum 50 measurements, the cell size is the longest diameter of the 

cell, 3Porosity calculated as ɸ=1-(ρbulk/ρsolid), 4Average compression modulus ± standard 

deviation from 5 specimens, 5Conductivity ratio between 0 and 50% compressive strain. 
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Figure 14a, b and c show cell wall cross-sections of the WGG foams containing 

ca. 0.4 vol% of CNTs, CB and rGO, respectively. Voids were observed in the cell 

walls in all samples. The CNTs can be observed as nanofibers with a thickness of 

ca. 20 nm in Figure 14a. It was also observed that some CNTs bridged over the 

smaller voids (shown by white arrows) whereas the majorities were embedded in 

the cell walls. Figure 14b revealed that most of the CB particles were present as 

agglomerates enclosed in the cell walls (within the white circles). It is suggested 

that this aggregated CB in the cell walls created regions with increased 

concentration of CB particles, which were interconnected with other local 

concentrations of the CB particles. This would explain why the entire sample was 

conductive while some areas of the wall surfaces did not show any CB particles. 

Figure 14c inset shows the morphology of an individual rGO freeze-dried flake 

before mixing with WGG. The same buckled morphology was occasionally 

observed with isolated flat surface structures in the walls of the WGG (see Figure 

14c). It appeared that these sheets never bridged any of the open cells. 

 
Figure 14. FE-SEM micrographs of plasticised-WG foam filled with (a) 0.41 vol% CNT, 

(b) 0.44 vol% CB, and (c) 0.39 vol% rGO. The inset micrograph shows a rGO sheet 

without WGG.    

4.2. WG-based foam – Mechanical properties 

Example of compressive stress-strain curves for WG-based foams is shown in 

Figure 15a. In general, the stress-strain curve consisted of three characteristic 

regions, starting with an elastic linear region at low stresses and strains followed 
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by a plateau caused by cell collapse. The third region occurred by densification 

after the cell walls had collapsed, it was characterized by a rapidly rising stress 

accompanied by very little further deformation of the solid material. The modulus 

of the foams was obtained as the maximum slope of the stress-strain curve in the 

initial linear region, i.e. below a strain of typically 5%. The modulus of WG/–25 

was 6.9 ± 0.5 MPa, and decreased with increasing TEOS content for the 

preparation (Figure 15b). This reflected a decrease in the cell wall strength due to 

the fragility of the silica component. The cell walls also became thinner with 

increasing silica content. For instance, the average cell wall thickness of WG/–25 

foam was 4 m, by adding TEOS of 30%, average cell wall thickness became           

1 m. The large decrease in modulus between 20 and 30% TEOS for the foams 

correlated with the improvement in flame-retardancy, which suggested that a more 

complete protective silica network was formed using ≥30% TEOS. However, this 

also yielded a weaker foam. Therefore, the protein was further cross-linked with 

glutaraldehyde (GA) to improve the stiffness, as shown in Figure 15b (non-filled 

circle dot). This material showed inherent mechanical properties that allowed it to 

be handled as traditional foam for heat insulating applications, i.e. PUR. 

 
Figure 15. (a) Stress-strain curves of WG/–25, (b) modulus of foams prepared at –25 °C 
as a function of silica/TEOS content (●) and cross-linked with 8% glutaraldehyde (○). 
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The modulus of the WG/–196 foam was lower than that of the WG/–25 foam, 

due to the slower and lower degree of protein polymerization, which give a less 

cross-linked network. It was also observed that the thermal treatment of foams at 

130 °C for 2 h did not affect the compression strength, even though it improved 

significantly the mechanical integrity during swelling in water. The 

WG/20MPTS/–25 foam had a high modulus (8.6 ± 2.3 MPa), which is possibly 

due to the tougher glass network of the MPTS than that of TEOS. In the case of 

MPTS, mercaptopropyl is a fixed group, which can not be hydrolysed. Therefore, 

the condensation process was slower for MPTS. In addition, MPTS seemed to 

bond better to WG (section of 4.8. Protein structure). 

4.3. WG-based foam – Flammability  

Figure 16 displays simultaneously taken thermographic and photographic images 

of one of the best performing hybrid foam (WG/30TEOS/8GA/–25) and a 

commercial polyurethane (PUR) foam during the UL94 test. The images were 

taken before exposure to the flame (Figure 16a), at 3 s after (Figure 16b), and at 

15 s after (Figure 16c) removal of the burner. When exposed to the ca. 2000 °C 

flame, the PUR foam instantaneously caught fire, whereas the hybrid foam 

required more than 3 s inside the flame before an apparent flame could be 

observed. The external flame was applied for 10 s under the sample within 

standard setup as shown in Figure 6a. The thermographic images further revealed 

a completely different temperature diagram for the two foams at same time 

following the ignition. 3 s after removal of the external flame, the maximum 

surface temperature of the hybrid foam and the PUR foam were 335 and 400 °C, 

respectively (Figure 16b). The PUR foam maintained a surface temperature that 

exceeded the auto-ignition point of paper (233 °C)83  for 8 s after removal of the 

external flame. Meanwhile, the hybrid foam had a maximum surface temperature 

of only 156 °C. The hybrid foam self-extinguished 1-2 s after removal of the 
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external flame, without any dripping of flaming material observed and ignition of 

the cotton placed under the sample, whereas the PUR foam continued to burn 

with big flame for more than 8 s. Figure 16c shows that after 15 s, the temperature 

had decreased to 104 °C and 158 °C for the hybrid and PUR foams, respectively. 

The entire PUR foam had virtually been converted into black char at this stage 

(Figure 16c, bottom), whereas only half of the silica modified WG foam showed 

char and the rest was evidently intact. A higher surface temperature was reached 

at the different stages for the PUR foam, indicated that there was more exothermic 

degradation. 

 

Figure 16. Thermographic images (top) of the WG/30TEOS/8GA/–25 and PUR foams 

during the burning test at different times (a: before, b: 3 s and c: 15 s after flame removal) 

and photographs (bottom) taken simultaneously. 

The influence of the silica content on flame-retardant properties was investigated. 

The samples that were prepared with 50, 40 and 30% TEOS (all frozen at –25 °C) 

fulfilled best class of V-0 according to the criteria of UL94 classification. To fulfil 
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this classification, the total after-flame time after two consecutive 10 s applications 

of the external flame on 5 replicates, had to be less than 50 s. The total after-flame 

time was 4, 2 and 5 s for foams prepared with 50, 40 and 30% TEOS, respectively. 

Additionally, no dripping of flaming material and ignition of the cotton was 

observed. Whereas the samples prepared with less than 20% TEOS did not qualify 

in any of the classes and burned out completely. The total after-flame times were 

longer than 250 s and they often generated drops of flaming material that ignited 

the cotton under the samples. The pure WG foam was found to have an after-

flame time of 343 s. Foam prepared with TEOS content from 20 to 30% is the 

synonymous with the transition from poor to great fire-resistance. With an 

agreement observed from FE-SEM, the 20% TEOS samples showed a uniform 

cell wall surface with well distributed silica particles embedded in the WG walls 

(Figure 11f), whereas the 30% TEOS foam showed a much clear morphology of 

graininess-like structure (Figure 11g).  

The impact of the cell size on the flame-retardancy was also studied. The 30 and 

20% TEOS foams were prepared by freezing them in liquid N2 (–196 °C), resulting 

in ca. 10 times smaller cells for the freeze-dried foams (Table 3). Both the 30 and 

20% foams fulfilled the V-0 classification. However, the transition between the 30 

and 20% foams was still evident and the total after-flame time was significantly 

longer for the foam with 20% TEOS (23 s) compared to the foam with 30% 

TEOS, which self-extinguished with an after-flame time of 3 s. It was concluded 

that the transition in flammability occurred for the foams prepared from 20 to 

30% TEOS, meanwhile, smaller cells benefit the fire resistance. The two columns 

to the right in Table 3 shows the outcome of all the performed tests according to 

the UL94 standard. 
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Figure 17. (a) Image of the WG/30TEOS/8GA/–25 specimen before and after burning, 

(b) cross-sections of the burnt WG/30TEOS/8GA/–25 foam (lower image) taken at the 

point of the arrow, and the polyurethane foam after burning (upper image). (c and d) FE-

SEM images of the black part of the WG/30TEOS/8GA/–25 foam, (e) FE-SEM image 

of the silica structure after extraction of the WG component (obtained from the mixture 

before freezing and drying. The inset shows the same structure after complete calcination 

of the prepared foam, and (f) IR spectra of the WG/30TEOS/8GA/–25 foam before and 

after the UL94 burning test. 

The burning tests also revealed that the additional 8% of GA cross-linker had a 

significant effect on the flammability of the sample with 20% TEOS, which self-

extinguished with a total after-flame time of 3 s (compare 23 s and 250 s for the 
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WG/20TEOS/–196 and WG/20TEOS/–25, respectively). A cross-linked foam 

using only 10% TEOS was therefore tested. This foam failed the V-1 class but 

accomplished the second-best class (V-1) at an after-flame time of 145 s. 

Accordingly, the cross-linker, which also resulted in a stronger material (see section 

of 4.2. Mechanical properties), evidently provided a strong flame-retardancy to 

the foams. Figures 17a-d show sample WG/30TEOS/8GA/–25 before and after 

the burning test. Less than half of the full surface was burnt due to the self-

extinguishing nature of the sample (Figure 17a), and the interior was mostly intact 

(Figure 17b, lower image) and protected from the external flames. Figure 17c 

shows a FE-SEM image of the burnt surface, surprisingly with the cellular 

structure remaining. At a higher magnification, a granular-like structure was 

observed, where the smallest features had a diameter of ca. 10 nm (Figure 17d). 

This structure was similar to that of the unburnt material (Figure 11g). Figure 17e 

shows the granular structure isolated from the mixture before freezing drying. A 

network of associated particles had already existed prior to the solidification of the 

WG-silica mixture. The “particle” in Figure 17e were larger (40-50 nm) than the 

“particles” observed in the burnt material (Figure 17d), suggesting that the particles 

in the extracted phase were partially condensed/polymerized silica particles, which 

during the extensive freeze-drying consolidated into the WG walls as smaller SiO2 

particles, as illustrated in Figure 18. To further evaluate the interpenetrating 

network uniformity, the fire-tested WG/30TEOS/8GA/–25 sample was heated 

to 1000 °C in air. The residual material, as shown in Figure 17e (inset), was white 

and “fluffy”, while maintaining similar cellular structures to that of pristine hybrid 

foam. This would be expected in a silica network of high porosity isolated from 

the hybrid foam. 



————— Results and Discussion ————— 

 

46 
 

 
Figure 18. Formation of silica nanoparticles in wheat gluten network. 

Figure 19 shows the results of thermogravimetric analysis on the foams as 

associated to their heat induced degradation, which was carried out under O2 

atmosphere. The on-set temperature of degradation occurred at ca. 230 °C. The 

maximal mass loss rate in the region 250-550 °C decreased with increasing amount 

of TEOS used. Even though the experiment was different from the burning test, 

a distinct difference between the 20% TEOS and 30% TEOS foams was observed 

in the region from 250 to 320 °C. The 30 % sample showed a more gradually mass 

loss with increasing temperature. This was probably due to the formation of a 

larger amount of H2O during condensation of the partially polymerized silica 

phase. It was stated that a transition from poor to good flame-retardant property 

was occurred from 20 to 30% TEOS sample, it was therefore suggested that the 

mechanism for the flame-retardant properties was strongly related to the 

formation of the silica particles and the dissipation of H2O during burning. It could 

also possibly due to hindrance in diffusion of decomposition products formed in 

the samples with TEOS content more than 30 %, which was recently reported by 

Chen at al.84-85 The thermogravimetric analysis further confirmed that residual mass 

after heating to 900 °C corresponded within 1.9 ± 1.6% to the calculated content 
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of SiO2, as presented in Table 5. The theoretical SiO2 content was based on 

complete condensation of the TEOS, and the normalized SiO2 content at 900 °C 

was based on the initial amount of theoretical SiO2 (corrected for the ash formed 

during the heat treatment under O2). With increasing amount of TEOS, the total 

amount of char was 12.6% for the 30% TEOS sample with excellent self-

extinguishing properties. 

 
Figure 19. TG curves of the pristine WG foam (WG/–25) and the WG-based hybrid 

foam (WG/5TEOS/–25, WG/20TEOS/–25, WG/30TEOS/–25, WG/40TEOS/–25, 

WG/50TEOS/–25) prepared at –25°C. 
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Table 5. Residue amounts and corresponding SiO2 contents of foams from TGA (O2, 

900 °C). 

Sample 
Theoretical SiO2 

(%) 

Residue (%) 

at 900 °C 

Normalized SiO2 

residue (%) at 

900 °C 

WG/50TEOS/–25 22.4 24.8 24.2 

WG/40TEOS/–25 16.1 21.1 20.4 

WG/30TEOS/–25 11.0 12.6 11.8 

WG/20TEOS/–25 6.7 10.1 9.1 

WG/5TEOS/–25 1.5 2.6 1.5 

WG/–25 0 1.2 0 

IR spectra were recorded to access more information about the silica phase before 

and after burning, as shown in Figure 17f. The absence of a clear peak close to 

1142 cm–1, corresponding to the stretching of the Si-O-ethyl group in the pristine 

foam, indicated that the silica phase was formed already before burning, noticeable 

as Si-O-Si asymmetric stretching at 1060 cm–1 and Si-OH stretching at 945 cm–1 

and 3000-3500 cm–1.86 The presence of possible ethyl remains in the form of 

ethanol (from the dissociation of the TEOS during hydrolysis) and aliphatic 

structures related to the proteins, could be observed at 2927 and 2855 cm–1 as 

represented by the –CH2– vibrations. These features were completely absent in the 

charred regions of the foam. The peak due to Si-OH stretching at 945 cm–1 in the 

burnt foam became more distinct as the peak assigned to Si-O-Si asymmetric 

stretching at 1060 cm–1 narrowed, which is associated with a more condensed silica 

network structure.87 The IR spectrum of the burnt material also showed a 

prominent peak at ca. 790 cm–1 due to the symmetric stretching of the Si-O-Si 

network. The peaks located in amide I and II regions (ca. 1450–1750 cm–1) related 

to the protein structures in the burnt foams were a less distinct, indicated that WG 

was partially thermal degraded.  
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4.4. WG-based foam – Sorption properties 

To investigate the sorption properties of the WG-based foam, water and limonene 

was used as sorption media. The foams were thermally treated at 130 °C for 2 h in 

the case of water sorption. Figure 20a shows the weight ratios of the foams 

immersed in water after different time, the largest uptake was observed in the 

WG/–25 which increased to 32 times its initial weight. The values for the other 

foams ranged between 11 and 16, which was explained by their slightly higher 

density and lower porosity than WG/–25 (Table 6). The foam uptakes 1.5-3 times 

the initial weight after immersed in water for 1 s, this large uptake is favoured by 

the open cell structure. However, the time to reach maximum uptake was very 

different; the WG/–25 (32 times its initial weight) took ca. 50 h and the           

WG/–196 (16 times its initial weight) took 5 h. This difference possibly depends 

on thickness of the cell walls. The WG/–196 contained thinner cell walls (ca. 1 µm 

thick) compared to those of the WG/–25 (ca. 5 µm thick). It took longer time to 

swell the thicker walls. It was also found that WG/20MPTS/–25 had a smaller 

water affinity compared to WG/20TEOS/–25, since it took 20 h more to reach 

maximum uptake than that of WG/20TEOS/–25 (5 h to the maximum uptake). 

To conclude, the complete sorption and swelling (maximum water uptake time) of 

the foams showed significant differences due to the differences in wall thicknesses. 

Further, the use of a hydrophobic 3-mercaptopropyl functionality in 

WG/20MPTS/–25 increased the maximum swelling time about 5-fold for a given 

wall thickness of ca. 4-5 µm.  
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Table 6. Formulation, cell size, density and modulus of foams. 

Sample ID 
WG 
(wt%) 

Silane 
(wt%) 

GAa 
(wt%) 

Freezing 
condition 
(°C) 

Cell sizeb 

(m) 

Densityc 
(kg/m3) 

Modulusd 
(MPa) 

WG/–25 100 0 0 –25 53.5 ± 23.1 130.4 ± 7.6 6.9 ± 0.5 

WG/–196 100 0 0 –196 3.0 ± 1.2 140.0 ± 5.7 3.7 ± 0.3 

WG/20TEOS/–25 80 20 0 –25 53.4 ± 19.3 162.6 ± 2.5 3.4 ± 0.5 

WG/20MPTS/–25 80 20 0 –25 73.5 ± 24.4 150.0 ± 10.0 8.6 ± 2.3 

WG/20TEOS/8GA/–25 74 20 6 –25 71.4 ± 21.8 146.2 ± 3.9 1.1 ± 0.1 

aGA content is relative to the WG content. bCell size is obtained from manual 

measurements by FE-SEM, mean values and standard deviation based on minimum of 50 

measurements. cDensities were calculated from the weight and volume of each foam and 

they are presented as mean values and standard deviations based on five replicates. dMean 

values followed by standard deviation.  

Figure 20b shows the sorption data for limonene. The foams were not thermally 

treated at 130 °C for 2 h in this case. Compared to the sorption in water, the cell 

walls remained intact throughout the limonene sorption (no plasticization). 

Therefore, foam shrinkage and cell collapse were absent. The maximal uptake of 

limonene was lower than that of water, whereas the uptake after 1 s immersion 

was observed to be opposite. The difference in the 1 s uptake was due to the 

different surface tensions and viscosities of water and limonene. The shortest time 

to reach maximum sorption occurred for the WG/20TEOS/–25, 

WG/20TEOS/8GA/–25, and WG/–196 foam (90% of the final uptake after     

0.5 h). For WG/–25 and WG/20MPTS/–25, the times were 25 and 81 h, 

respectively. Theoretically, since the porosity of the foams was ca. 90%, a complete 

filling of non-expanding cells with limonene (density = 840 kg/m3) would result 

in a maximum weight 6.8 times the initial weight (assuming foams of pure WG 

with a density = 1300 kg/m3).88 Figure 20b shows that the maximum uptake was 

similar to or less than this (4.3 to 6.7 times), indicating that most foams contained 

“closed” cells (perhaps the air trapped during foam preparation) which are free 
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from limonene, especially in the case of WG/–25 and WG/20MPTS/–25, which 

showed the smallest maximum uptakes. 

Figure 20. Weight ratios of the foam immersed in (a) water and (b) limonene. (w0: initial 

weight, winst: weight after 1 s immersion, wmax: maximum weight, wdried: weight of dried 

foam after immersion; A: WG/–25, B: WG/–196, C: WG/20TEOS/–25, D: 

WG/20MPTS/–25, E: WG/20TEOS/8GA/–25.) (c) A pristine WG/–25 foam (left) and 

a dried foam after immersion in water for 14 days (right).  

During foam swelling in water, it was noticed that the cell walls became soft due 

to the water plasticization; therefore, the “sponge effect” of foams was verified by 

first immersing the foam in the water for 1 h and then squeezed the water out at 

ambient conditions. When the wet foam was again immersed in water, they rapidly 

returned to the original swollen shape. This could be repeated at least three times 

for WG/–25 (thermally treated sample), and nine times for 

WG/20TEOS/8GA/–25 (cross-linked with GA) without any fracture. In this 

case, water presents as an excellent plasticizer. If the foam was not re-immersed in 

water, it still returned to its original shape after ca. 3 min. However, when this 

foam was left to dry for a longer period at ambient conditions, the cells collapsed 

and the foam turned into a hard solid material significantly smaller than the original 

foam (Figure 20c). The reason for the cells collapsing is due to capillary forces 

associated with water leaving the cells. The apparent fusion of the cell walls is due 

to the formation of a large amount of hydrogen bonds when the opposite cell walls 

meet. This is explained in details in the section of 4.12. Up-scaling of WG foams. 

It was also found that the shrinkage (collapsing cells) of the drying foam was 
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irreversible; this makes the foam suitable for use as e.g. an indicator/sensor of 

unintended melting of ice when the cold-chain is occasionally broken during the 

storage and transportation of frozen foods or other items that need to be 

continuously frozen. With the shrinkage, the colour of dried foam turned from 

light yellow to brown (darkened) irreversibly, and this can also be used to track 

changes in the cold-chain (Figure 20c).  

The most striking feature of bimodal foam was the absorption capacity 

immediately on submersion in water. The 1 s water uptake was 10 times the initial 

weight, 4 times greater than that of the WG/–25 (Figure 20a). The corresponding 

uptake after 2 min immersion was 19 times, which was close to the maximum 

uptake. The repeated freeze-drying thus yielded foams with a potential for rapid 

and high absorption applications. 

4.5. WG-based foam – Electrical conductivity 

Figure 21a shows the conductivity of the foams containing different 

concentrations of CNTs and CB at 50% RH. The conductivity of the virgin 

WGG foam was ca. 1.6 × 10-4 S/m. This small conductivity was related to 

the presence of ions and moisture in the foam. At ca. 0% RH the 

conductivity was ca. 2 orders of magnitude lower. The conductivity 

increased ca. 3 orders of magnitude with increasing filler concentration for 

both CNTs and CB particles, after the percolation threshold had been 

reached (Figure 21a). The percolation threshold was significantly higher for 

the CB system, which required more than 0.40 vol% particles to display any 

electrical conductivity, whereas only 0.16 ̶ 0.18 vol% CNTs was needed for 

the CNT system. The percolation thresholds of CNT-filled polymers has 

been reported to be as low as 0.0042 vol%.89 However, a more general value 

for percolation is in the range of 0.2 ̶ 1.6 vol% for polymer nanocomposites 

containing CNTs (average from more than 40 studies).90 This indicates that 
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the dispersion of CNTs in the WGG was successful and that a conductive 

network was formed in the lower range of the reported percolation 

thresholds of CNTs. Overall, the conductivities of the CNT foams were 

always higher than those of the CB foams with the same mass of carbon 

filler. With 0.4 vol% filler the conductivity was 0.24 S/m for the CNT system 

and 0.033 S/m for the CB system. The highest conductivity (0.88 S/m) was 

observed for WGG with 0.49 vol% CNTs. The solid lines in Figure 21a 

represent best fits to the analytical percolation theory equation91: 
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                Equation (6) 

where s=0.87 and t=2 are universal constants for a 3D system, σm, σf and σ 

are the conductivities of the matrix (WGG), the filler and the composite, 

respectively. φ is the volume fraction of the filler and φp is the calculated 

percolation threshold. In the best fits, the filler conductivity was set at the 

same value for both CNTs and CB particles: 80000 S/m. The calculated 

CNT percolation threshold, φp=0.18 vol%, was however somewhat higher 

than the theoretical value (φp=0.025 vol%) for an ideally dispersed isotropic 

fibre composite with an aspect ratio of Ar=2000, calculated with the semi-

empirical equation92: 

 

φp = 1/2Ar                                                                 Equation (7) 

 

The calculated percolation threshold value for the CB/WGG composite of 

φp=0.43 vol% (using Equation (6)) was lower than most of the previous 

reported values for CB/polymer nanocomposites, but in relatively good 



————— Results and Discussion ————— 

 

54 
 

agreement with the measured data. Typical φp values for CB/polymer 

nanocomposites are in the range of 1.5−22 vol%.93-94 The theoretical 

percolation threshold for a nanocomposite containing perfectly dispersed 

spherical CB particles in a solid polymer is ca. φp=29 vol%.95 However, since 

the percolation of primary CB-particles relies on the formation of 

conducting strings and aggregates, conduction through the material typically 

occurs at a φ-value significantly lower than in a perfectly dispersed CB 

composite.96 

 

Figure 21. (a) Conductivity of non-deformed WG foams with different 

concentrations of CNT and CB and of the rGO foam, (b) conductivity of foams 

with different concentrations of CNT as a function of compressive strain.  

The sample containing reduced graphene oxide (rGO) showed a significantly 

lower conductivity (5.9×10-5 S/m) than the CNT and the CB-filled wheat 

gluten at ca. 0.4 vol%. This was confirmed by several measurements at different 

relative humidities (0−50% RH). The measured conductivity was in fact lower 

than that of the virgin WGG without any filler. For rGO/polymer 

nanocomposites, φp has been reported to be 0.2−2 vol%.97-98 The currently 

lowest reported φp values for a graphene-based composite are ca. 0.033 

vol%99 and 0.007 vol%100. The theoretical percolation threshold for soft 
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oblate ellipsoids with an aspect ratio of 2000 is φp=0.0637 vol%.101 A 

possible explanation for the more insulating nature of the rGO/WGG foam 

could be that there was a local accumulation of charges and/or a more 

tortuous path so that the sheets were unable to establish a network for 

percolation. Wang et al.102 reported that several rGO/poly(dimethyl 

siloxane) composites exhibited lower conductivities than neat poly(dimethyl 

siloxane) at low field strength and suggested that it was related to a blockage 

of ion transport by the rGO network.  

The conductivity of the CNT foams with increasing compression is shown 

in Figure 21b. The foam with the lowest concentration (0.15 vol%) of CNTs 

was the most indifferent to the compression. However, samples with higher 

content of CNTs showed a decreasing conductivity with increasing 

compression. This was most pronounced for CNT concentrations above the 

percolation threshold and is probably related to the deformation of the 

inherent organization of the CNTs that remained after the rapid freezing of 

the solution, i.e. the percolation network. In the case of the CB foams, the 

same strain-dependent conductivity was observed at low CB contents, but 

at the highest contents the conductivity increased with increasing strain 

(Table 4, conductivity ratios < 1), presumably due to a more “crowded” CB 

system, so that particles came closer together under compression, leading to 

improved particle-particle interaction and conductance. Marinho et al. and 

Shang et al earlier reported a similar increase in conductivity with 

compression of CB particles.103-104 
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Figure 22. The conductivity of the foam containing 0.39 vol% rGO as a function of 

compressive strain. The inset shows the same curves within 0 to 10% strain. 

Figure 22 shows the conductivity of the rGO/WGG foam under 

compression. The conductivity first decreased with increasing compressive 

strain up to ca. 40%, and then increased (from 8.5 × 10-5 to 10 × 10-5 S/m) 

with increasing compressive strain from 40 to almost 70%. This behaviour 

was different from the CNT and CB systems and is presumably related to 

the morphology of the rGO sheets with their large sheet-like structure. After 

the collapse of the porous foam structure (> 40% strain) the rGO sheets 

more frequently came into contact and the conductivity of the samples 

increased. The cross-section morphologies of compressed foams showed 

the evidence of structural collapse, i.e. broken cell walls, as shown in Figure 

23. However, due to its essentially poorly conducting nature before and after 

the compression, the origin of the conductivity change was not further 

explored since it may also relate to an accumulation difference and/or 

blockage/passage of ion transport by the rGO sheets, as suggested by Wang 

et al.102 
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Figure 23. FE-SEM micrographs showing the cross-sections of plasticised-WG foams 

with (a) 0.41 vol% CNT, (b) 0.44 vol% CB, (c) 0.39 vol% rGO after compressed to 60%. 

The inter-particle distances for rGO, CB and CNTs were roughly estimated 

numerically by first placing 0.4 vol% particles on a mesh, then stochastically 

moving one of the particles in the grid to various non-colliding positions and 

finally calculating the average distance between the moved particle and its nearest 

neighbour. The CB particles were approximated as spheres (radius 10 nm), the 

multi-wall CNTs as hollow cylinders (length 50 µm, radius 10 nm, thickness 7 nm) 

and the rGO as flakes (length 5 µm, width 3 µm, thickness 1.1 nm). The 

theoretically estimated total surface areas of the fillers (0.4 vol%) were 1200 mm2 

(CB), 900 mm2 (CNT) and 7300 mm2 (rGO) and the numbers of particles were   

ca. 9.5 × 1011 (CB), 2.8 × 108 (CNT) and 2.4 × 108 (rGO). The number of CNTs 

and especially that of CB particles was significantly higher than the number of rGO 

sheets but the surface area of the rGO was nevertheless more dominant. In the 

foams, the average interparticle distances were approximately 18 nm (CB), 0.2 nm 

(CNT) and 0.9 nm (rGO). The greater average interparticle distance in the rGO 

nanocomposite, as compared to the CNT nanocomposite, could possibly have 

contributed to its higher percolation threshold (above 0.4 vol%). Another 

explanation would be that strong sheet associations and possible stacking had 

occurred in the process of the wall formations. These associations have been 

assigned to the self-assemble of graphene sheets into nematic liquid crystals below 

the onset of percolation.105 
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4.6. WG-based foam – Antimicrobial properties  

Lanasol is a brominated aromatic compound that is found occurring naturally in 

seaweed, it is effective against Staphylococcus aureus, a recommended pathogen 

for use in standard antimicrobial tests.72 Lanasol and WG are essentially 

incompatible and immiscible, which require different solvents. If Lanasol is added 

to the WG-based solution before freeze-drying, there is a risk that the additive may 

have a bad dispersion. In the present work, an alternative approach was developed, 

involving an impregnation step, where the final foam structure was used as the 

base for the mixing, and the results are shown in Figure 24. The antibacterial 

properties of foams were confirmed by the circular E. coli-free zone around the 

sample. Such a zone was absent with the WG/–25 foam (Figure 24e). A clear zone 

(Figure 24f) was observed around the foam after removal of acetone (Figure 24c), 

where only the surface of the WG/–25 had a high content of Lanasol. A high 

content of the antimicrobial agent specifically at the surface of the material makes 

it effective since it can interact with the surrounding environment more easily.  It 

was possible to redistribute the Lanasol more evenly in the foam by immersing the 

foam in water. Even though water is a poor solvent for Lanasol, it had the potential 

to redistribute the Lanasol when it entered the foam (Figure 24d). However, after 

treatment with water, the cells collapsed to a certain extent during drying. Figure 

24d shows that, after being immersed in water for 0.5 h, the foam shrank and the 

cells collapsed to some extent. Consequently, as shown in Figure 24g, the zone 

free from E. coli was smaller and less marked. A less “open” foam surface 

apparently allowed less Lanasol to interact with the surrounding agar/bacteria 

mixture and inhibit microbial growth.  
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Figure 24. (a) Pristine WG/–25 foam, (b) cross-section of foam directly after dropwise 

addition of Lanasol/acetone, (c) after removal of acetone (cross-section is the whiter part), 

(d) dried foam after swelling in water. (e-g) foams exposed to E.coli for 3 days at 30 °C. 

4.7. WG-based foam – Thermal conductivity 

Table 7 shows the thermal properties of the selected foams. The specific heat 

capacity values were between 1.2 and 1.5 J (g °C)–1, which are similar to the values 

reported in the literature for polystyrene and polyurethane foams (1.3 and 1.5 J    

(g °C)–1).106 The thermal diffusivity values obtained for the three foams were       

0.2–0.3 mm2s–1. The thermal conductivity, calculated by Equation 3 

(Experimental), was 0.04–0.06 W (m °C)–1, indicating that the thermal insulation 

was comparable to, or slightly higher than, those of conventional high-insulation 

petroleum-based closed-cell foams such as polyethylene (0.03 W (m °C)–1)107, 

polyurethane (0.02–0.03 W (m °C)–1)108 and polystyrene (0.02–0.04 W (m °C)–1).106 

The thermal conductivity was also in the same range as that of perlite (0.03–0.05 

W (m °C)–1)109, glass fibre and rock wool (0.04–0.05 W (m °C)–1)110, cellulose-based 

fibre (0.04 W (m°C)–1) and better than wood wool (0.09 W (m °C)–1). 
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Table 7. Thermal properties at 30 °C 

Sample 
ρa 

(kg/m3) 

Cp
b 

(J/(g °C)) 

Dc 

(mm2/s) 

λd 

(W/(m °C)) 

WG/–25 130.40±7.60 1.36±0.04 0.22±0.01 0.039±0.003 

WG/20TEOS/–25 162.60±2.50 1.20±0.05 0.29±0.01 0.057±0.003 

WG/30TEOS/8GA/–25 140.00±6.70 1.48±0.01 0.22±0.00 0.046±0.003 

aFoam density shown as average value with standard deviations based on five replicates. 
bSpecific heat capacity obtained from a second heating at a heating rate of 1 °C min-1. 

Average values and standard deviations are based on two values from each heating rate. 
cThermal diffusivity shown as average value with standard deviations based on 4 to 15 

data points. dThermal conductivity calculated with Equation (3). Standard deviations are 

based on maximum and minimum values. 

4.8. WG-based foam – Protein solubility 

Glutenin and gliadin are the main part of polymeric and monomeric proteins, 

respectively. The thermal treatment at high pH during the foam preparation leads 

to protein denaturation, with a subsequent polymerization of the polymeric and 

monomeric proteins via reorganization of disulphide crosslinks.111 Figure 25 

illustrates the foam preparation and how the protein solubility is evaluated by 

protein extraction from SE-HPLC. First, the amount of the proteins that are 

loosely bonded (through secondary bonds) can be extracted with sodium-dodecyl 

sulphate (SDS) treatment, which is shown as Ext. 1. Second, the extraction was 

performed by sonicating the materials for different time (Exts. 2 and 3). It is 

believed that surfactant SDS buffer is possible to dissolve protein molecules based 

on the disruption of secondary bonds and the shearing action of sonication 

primarily disrupts the disulphide bonds.39 It is possible to quantify the larger sizes 

of protein molecules that were initially tied together with disulphide crosslinks.11 

Even though not all proteins are extracted, since the amount and size of the 

proteins extracted by sonication depend on the size and complexity of the protein 
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polymers,37 the method provides information on the degree of polymerization, i.e. 

structural integrity of the materials. 

 
Figure 25. Illustration of the protein structures before, during and after foam preparation, 

and the structures determined by SE-HPLC. 

The total protein solubility (Total Ext.), which is known to decrease with 

increasing protein polymerization,37 was higher in the foam produced by the rapid 

freezing (WG/–196) than in the more slowly cooled foam (WG/–25) (compare 

the blue and red columns in Figure 26a). This cooling-rate dependence indicated 

that the polymerization of the WG polymers continued after the 90 °C heating and 

mixing with hydrolysed TEOS, and that a slower freezing allowed for a more 

cross-linked structure during its consolidation into a solid material. Since less than 

50% of the proteins were extracted with SDS (Ext. 1), some gliadins must also 

have been cross-linked into the WG foams. Previously, WG foams showed a 

significantly higher protein solubility during the SDS treatment, indicating a lower 

degree of crosslinking.77, 112 This was explained by the higher denaturation 
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temperature used (90 °C), compared to that used in the previous study (75 °C). To 

conclude, the protein polymerization was highest for the more slowly cooled 

foams (–25°C), which also explained why these foams were stiffer in the 

mechanical testing compared to the liquid-nitrogen cooled foams.  

Considering the entire TEOS/silica range, the solubility of the foams frozen at      

–25 °C showed a decrease with increasing silica content for the different extraction 

steps (Figure 26a). From the two sets of columns to the far right (Mon and Pol), 

it is also demonstrated that the relative amounts of extracted monomeric to 

polymer entities increased with increasing silica content. This shows that the 

presence of an interpenetrating silica network restricted the possibilities to extract 

the larger polymerized proteins, which also was consistent with a lower degree of 

protein polymerization for larger amounts of TEOS (Figure 26a).106  

 

Figure 26. Protein solubility. (a) The grey and white columns represent the WG/silica 

foams frozen at –25 °C or –196 °C, respectively. The columns represent, from left to 

right: WG with 0 (blue=WG/–25, red=WG/–196), 5, 20, 30, 40, 50 and 80% TEOS, (b) 

From left to right the columns represent WG/–25, WG/10TEOS/8GA/–25, 

WG/20TEOS/8GA/–25, WG/30TEOS/8GA/–25, WG/20TEOS/16GA/–25 and 

WG/30TEOS/16GA/–25, respectively. Ext. 1 refers to the first extraction with SDS, 

Ext. 2 refers to a following extraction with SDS and 30 s sonication, and Ext. 3 refers to 

extraction with SDS and repeated sonication (30+60 s). Total Ext. refers to Ext. 1+Ext. 

2+Ext. 3. Mon and Pol refer to the total monomeric and polymeric protein extractions 

from the three extraction steps.  
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The large decrease in total protein solubility between 20 and 30% TEOS is 

noteworthy (Figure 26a). This abrupt change in protein solubility occurred in the 

TEOS range where a drastic improvement in the flame-retardant properties was 

observed and where the modulus decreased significantly. Figure 26b shows the 

effects of glutaraldehyde on the protein solubility. The total solubility decreased 

with increasing GA content and the solubility of both monomeric and polymeric 

proteins was lower in the presence of GA. At a level of 16% GA, no polymeric 

proteins were extracted from the foams. The monomeric protein solubility was 

low also after the sonication treatment, indicating that GA effectively worked as a 

cross-linker for the materials. 

It was also found that foams prepared with MPTS showed a lower solubility of 

both monomeric and polymeric proteins than in foams prepared with same 

content of TEOS, as shown in Figure 27a. It is possibly due to interfering of thiol 

groups from MPTS with the disulphide/thiol interchange reaction during the 

denaturation of the protein and that MPTS in that way created a strong bond 

between itself and WG. This is why the mechanical integrity of       

WG/20MPTS/–25 during swelling was much higher than those of WG/–25 and 

WG/20TEOS/–25. 

The thermal treatment was limited to 90 °C during the foam preparation to avoid 

the boiling of water. However, polymerization in that case was insufficient to 

preserve the foam structure during the swelling. Therefore, a second thermal 

treatment on the foam (130 °C, 2 h) was provided. Figure 27b reveals that foam 

after the second thermal treatment showed considerably lower protein solubility 

compared to that of the foam without thermal treatment (Total Ext.). Both the 

extractions after cutting the secondary bonds (Ext. 1) and after also cutting 

disulphide bonds (Ext. 2, and 3) were lower in the heat-treated foam. Furthermore, 

the solubility of the largest proteins (Pol) was 10 times lower after than before the 

thermal treatment, whereas the difference in solubility was significantly smaller for 
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the monomeric/gliadin proteins. Hence, the thermal treatment gave a foam with 

high mechanical integrity in water mainly by crosslinking/polymerizing the largest 

proteins. It is notable that the modulus of the thermally treated foam was the same 

as that before the thermal treatment. It seemed that a small change in the molecular 

structure, e.g. a change in the degree of polymerization, had a strong impact on 

the integrity of the foam during swelling. 

Figure 27. (a) The white and grey columns represent the WG/20TEOS/–25 and 

WG/20MPTS/–25 foams, respectively. (b) The white and grey columns represent the 

WG/–25 foam before and after thermal treatment at 130 °C for 2 h, respectively. 

4.9. Up-scaling of WG foam – Water-welding method 

The impacts of two factors, amount of water added and applied pressure during 

water-welding were investigated in this work. The lower limit of water needed for 

water-welding was initially considered to be the minimum amount of water needed 

to form a continuous weld over interfacial area. When adding less water than this, 

the weld would be incomplete with gaps between the cubes. The samples with the 

lowest amount of water uptake that formed complete welds were found as 7 wt%.  

The total water uptake of 18, 33 and 51 wt% was investigated in order to find the 

upper limit of suitable water uptake. When an excess of water was added, it spilled 

over the adjacent sides of the foam cube during the dabbing. Water also penetrated 
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deeper into the foam. This led to that the samples (those with 33 and 51 wt% 

water) shrunk considerably and were unevenly at the welds. In fact, it resulted in a 

slightly bent of the four-cube sample. However, the 18 wt% foam did not show 

the deformation of the four-cube foam and it is concluded that the upper limit is 

located between 18 and 33 wt% water uptake. 

4.10. Up-scaling of WG foam – Foam and weld morphology 

A cross-section of two foam cubes water-welded together (Figures 28b and c) was 

examined and compared with a pristine foam (Figure 28a) using electron 

microscope. The weld was made with an applied pressure of 1 kPa and 10 wt% 

water added to the foam surface of the two cubes. The images show that the wet 

region collapsed into a dense/solid material when water left the sample. In fact, 

any detectable weld-line was absent. The densification behaviour (capillary effects) 

is due to the collapse of the cells (with water plasticized cell walls) when the water 

evaporates. Once the weld has been dried it is not possible to swell it again and 

open up the collapsed cells. Figure 28 also shows that the foam structure in the 

water-welded foam is unaltered and being similar to the pristine unwelded foam. 

This is in-line with the small difference in the measured density of the pristine 

foam (163 ± 5 kg/m3, 5 replicates) and a foam water-welded with 13 wt% water 

(173 ± 3 kg/m3, 5 replicates, four-cube-welded foam).  
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Figure 28. (a) A cross-section of the pristine WG foam, (b) a cross-section of two foams 

water-welded together, the weld is located vertically in the centre of the image pointed by 

a white arrow (c) a higher magnification of the weld region. 

4.11. Up-scaling of WG foam – Mechanical properties 

Table 8 shows the flexural stress at break and flexural modulus values obtained 

from three-point bending tests. The water-welded samples were stiff and showed 

only little deflection before fracture. The samples after the bending test revealed 

that none of the water-welded specimens broke in the weld. Instead, the fractures 

were located in the cellular material (Figure 29a), usually several millimetres apart 

from the centre weld, where the stress in the specimen was highest. The 

representative flexural stress-strain curves of a water-welded foam (Sample 3, black 

curve) and a weld-free foam (Sample 9-wf, red curve) are shown in Figure 29c. 
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Table 8. Water-welding parameters and mechanical properties of the water-welded 

samples. 

Sample 
Total water 

uptakea [wt%] 

Pressureb  

[kPa] 

Stress at break 

[MPa] 

Flexural modulus 

[MPa] 

1 13.9 ± 1.6 1 0.7 ± 0.1 1.6 ± 0.5 

2 18.1 ± 0.6 1 0.9 ± 0.1 1.1 ± 0.7 

3 33.0 ± 2.1 1 1.1 ± 0.2 2.6 ± 2.4 

4 50.5 ± 3.7 1 1.8 ± 0.6 5.1 ± 3.8 

5 12.5 ± 3.1 5 0.7 ± 0.1 1.8 ± 0.5 

6 13.0 ± 3.8 5 0.8 ± 0.2 2.3 ± 0.9 

7 8.8 ± 2.9 15 0.6 ± 0.1 1.2 ± 0.7 

8 16.1 ± 1.5 15 0.7 ± 0.2 1.1 ± 0.3 

9-wf n/a n/a 0.1 ± 0.1 0.4 ± 0.2 
a Water uptake is shown as weight percentage of the total water uptake per total weight of 

the WG foam (four-cube specimen), b Refers to applied pressure during water-welding,   

± values are standard deviations based on mainly 5 specimens. 

As presented in Table 8, when the same pressure during water-welding was used, 

a higher water uptake increased the flexural stress at break. The amount of the 

applied pressure did not show to have an effect on the mechanical properties. The 

increase in strength with increasing water content was mainly observed for the two 

samples containing the highest water uptake (Sample 3 and 4). This is because of 

their higher amount of densified material from the collapsed wet cells, which are 

stronger than the surrounding cellular materials. If these two samples would have 

been omitted, the effect of water uptake becomes essentially insignificant. This 

was expected since most fractures occurred in the foam region close to the weld 

and not in the actual weld region.  
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Figure 29. Samples fractured after three-point bending, (a) four-cube water-welded 

sample (Sample 2, Table 8) and (b) a weld-free sample (Sample 9-wf). The red and white 

arrows point at the weld and fracture surface in Sample 2, respectively. (c) Flexural     

stress-strain curves of the water-welded foam (Sample 3, black curve), the weld-free foam 

(Sample 9-wf, red curve). The insert shows the magnified stress-strain curve of weld-free 

foam. 

It can be noted that the variance (square of the standard deviation in Table 8) in 

the mechanical parameters increased with increasing water uptake, again 

particularly for the highest water uptakes (compare Sample 2, 3 and 4). For 

manufacturers, it is important to maintain control over the products’ properties. 

Considerable variances in the products’ properties are undesirable and hence 

measurements should be taken in order to avoid using an excess of water during 

water-welding of these foams. 

The flexural stress at break and modulus of the weld-free foam (0.1 and 0.4 MPa, 

respectively) were much lower than those of the water-welded samples (Table 8). 

The weld-free sample had a strength ca. 7 times lower than that of the water-

welded samples. The specimens offered low bending resistance, and fractured 

several times during the process, visible as small dips in the stress-displacement 

curve (Figure 29c, insert). A final fracture point could not be determined by the 
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testing equipment so the bending test had to be stopped manually. These large 

foams had to be freeze-dried while still in their moulds to prevent them from 

deforming or collapsing during this process. Several large elongated cells could be 

observed at their surface, indicating a large average pore size. This exemplifies the 

difficulties involved in producing larger foamed objects with the freeze-drying 

process. 

4.12. Up-scaling of WG foam – Protein structures 

It is known that the secondary structure of proteins can be revealed from the amide 

I bands (1600-1700 cm-1) on the IR spectrum. The main peak of raw WG powder 

in amide I region is located at 1658 cm-1 (see Figure 30 inset) which indicates the 

undenatured WG proteins contain primarily α-helices. Figure 30 shows the 

normalized IR spectra of the pristine WG foam and a typical weld formed with a 

low water uptake. The relative intensities at 1666 (due to β-turns), 1650 (α-helices 

and/or random molecular conformation), and those associated with the presence 

of β-sheets (1630 and 1620 cm-1) were calculated as presented in Table 9. The weld 

had relative intensities at 1620 and 1630 cm-1 that were, respectively, 7 and 3% 

higher than for the foam. Consequently, a lower content of the molecular features 

associated with the intensities at 1650 (-6%) and 1666 cm-1 (-4%) are observed. An 

increase in the content of β-sheets among proteins is commonly observed when 

polymerization/aggregation occurs.  
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Figure 30. Baseline-corrected and normalized IR spectra of a pristine WG foam (black 

curve), a dried weld (red curve) and pristine WG powder (inset). 

A possible mechanism of water-welding can then be addressed according to the 

increase amount of hydrogen bonds (β-sheets). The water-wetted cell walls of the 

foams were plasticized by water. When two wetted surfaces come in contact, the 

formation of a large amount of hydrogen bonds and possibly inter-diffusion of the 

chains within interface take place, therefore, strong instantaneous 

interaction/adhesion are observed between the two foam surfaces. The collapsed 

cells solidify through capillary action associated with the water evaporation, which 

formed a denser structure (weld).   

 

 

 



————— Results and Discussion ————— 

 

71 
 

Table 9. Calculated relative IR intensities in the amide I region 

Peak 

position 

(cm-1) 

Assignmenta 

Relative peak 

intensity of 

foamb 

Relative peak 

intensity of 

weldb 

Change in 

intensity (%)c 

1666 β-turns, loops 0.215 0.206 - 4 

1650 α-helices and random coils 0.272 0.256 - 6 

1630 
β-sheets, weakly hydrogen-

bonded peptide groups 
0.267 0.274 3 

1620 
β-sheets, strongly hydrogen-

bonded peptide groups 
0.246 0.264 7 

a According to Cho et al.,113 bThe sum of the relative intensities is 1 for each material (refer 
to the experimental section), c Change in intensity refers to the change in relative intensity 
when going from the foam to the weld. (-) means a decrease.  

4.13. WG-based composites – Flexibility and plastic deformation 

Figure 31a shows the compression-moulded CM20-150 (WGG matrix containing 

20% glycerol pressed at 150 °C, i) and CC20-150 (WGG/flax containing 20% 

glycerol and 200 g/m2 flax-weave pressed at 150 °C, ii). Both the matrix and 

composite sheets showed good flexibility as can been seen from Figure 31c and d. 

In addition, it was observed that it was possible to reshape the composite sheet 

plastically into stable forms without using heat (Figure 31b). 
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Figure 31. (a) Compression-moulded WGG sheets without (i) and with (ii) a layer of 200 

g/m2 flax-weave, (b) A composite sheet shaped into an “L” under ambient conditions, (c) 

and (d) images showing the flexibility of the WGG and the composite sheets. 

4.14. WG-based composites – Dip-coated composites 

4.14.1. Coating thickness 

Figure 32a and b present the weave before and after one horizontal dipping in the 

WGG suspension. The WGG had already filled the space between the yarns after 

one dip. Figure 33c shows the thickness as a function of the number of dips using 

both horizontal and vertical methods. The thickness increased linearly with 

increasing number of dips and the thickness increase was greater with the 

horizontal technique. 
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Figure 32. A 100 g/m2 2/2 twill weave (a) before and (b) after one dip in the WGG 

mixture using the horizontal method, the height of both images is 4 mm. (c) The sample 

thickness as a function of the number of dips using the horizontal (●) and vertical (○) 

methods. 

4.14.2. Mechanical properties 

Figure 33a shows typical stress-strain curves for WGG with and without flax. The 

WGG fractured when the maximum stress was reached, and a typical curve for 

plasticized WG film was observed (red curve, Figure 33a), whereas the fracture 

was complex in the case of composite, occurring in steps as a combination of fibre 

fracture, fibre untwisting in the yarn and fibre/yarn pull-out. Figure 33b shows an 

increase in the in-plane tensile strength with increasing flax content. The reported 

flax-fibre strength is of the order of 1500 MPa,61 but an extrapolation of the data 

in Figure 33b yields a much lower flax strength, because the yarn consisted of 

multiple twisted finite-sized fibres (Figure 34a). Figure 33c shows how the in-plane 

stiffness increased with increasing flax content. When the stiffness extrapolated to 

100% flax, it was significantly lower than the reported value for straight individual 

fibres (30–70 GPa),61 as the same reason for the strength. Flax fibres have break 

at typical strain of 2–3%,114 but the composites, even at high flax content, were 

considerably more extensible (13–18%). The lower modulus at a given flax content 

and the greater scatter in strength and stiffness of the vertical dip-coated 
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composites indicated that the homogeneity of the composites made by vertical 

dip-coating was less than that of those made by horizontal dip-coating. 

 

Figure 33. (a) Tensile stress-strain curves of the WGG-C (upper curve) and of the V2 

composite (a weave with 2 vertical dips, lower curve). (b) The maximum stress, and (c) 

the modulus as a function of flax content using horizontal (●) and vertical (○) dip-coating. 

Figure 34 shows features associated with the fracture process in tensile testing. 

Figure 34a shows twisted fibres in a yarn that straightens out/unwinds as the 

deformation proceeds. Figure 34b presents the top view of H2 composite (a weave 

with 2 horizontal dips) after tensile testing, showing both fibre and matrix fracture 

and still partly twisted fibres. The fracture involves fibres being pulled out from 

the matrix. After the fracture, it was observed that the WGG was still adhered to 

the fibres, which revealed that there is a certain degree of adhesion between the 

fibres and the matrix. This is also the reason why the matrix fractures as the fibres 

move in the tensile direction (Figure 34b). 
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Figure 34. FE-SEM micrographs of notched dip-coated samples fractured during tensile 

testing: (a) A partly untwisted broken yarn originating from V2, (b) a top view of sample 

H2 after fracture, (c) matrix material bonded to fibres during a pull-out process (sample 

H1), (d) a fracture of sample H3, with the insert showing fibre delamination from the 

matrix in the “yarn hole”. The background behind the fibers in (a) corresponds to the 

carbon paste used for the FE-SEM sample preparation. 

4.14.3. Protein secondary structure  

The amide I region (1600-1700 cm-1) was used to characterize the protein 

secondary structure. The IR absorption in amide I region originates mainly from 

the C=O stretching vibration of the amide group and to a lesser extent from the 

C-N out-of-phase stretching vibration, the C-C-N deformation and the in-plane 

bending of N-H. The amide I absorbance is essentially insensitive to the amino 
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side-groups but sensitive to the main-chain conformation.115 Hence, this region 

has proved to be suitable for characterization of the protein secondary structure. 

 
Figure 35. FTIR spectra of (a) (from bottom to top) solution-casted WGG-C, dip-coated 

H3, H2 and H1, arrow points to the α-helix and random-coil, (b) compression-moulded 

composite sheets CC30-140 (bottom), CC30-150 (middle) and CC30-160 (top), the arrow 

points to the prominent β-sheet peaks. The IR spectra have been normalized to similar 

amide I peak size and vertically shifted for clarity. 

Figure 35a shows the IR spectra of WGG-C, H3, H2 and H1 from bottom to top. 

The shapes of amide I peak were similar to those previously observed for WGG 

systems cast at low pH (pH 4) and for undenatured WGG dough.70 There are 

relatively flat peaks between ca. 1650 and 1625 cm-1 or peaks with a maximum 

absorbance in the area of 1650 and/or 1644 cm-1. The peak at 1650 cm-1 

corresponds to proteins with a large amount of α-helices and random-coils, and 

peak at 1644 cm-1 is originated from disordered structure. This indicates relatively 

poor polymerization/aggregation occurred in the dip-coated sheets. It should be 

mentioned that the contribution to the IR absorbance from the flax itself was very 

small in these regions (not shown) and, since the IR penetrates only 1-5 µm into 

the sample, the contribution from flax itself is negligible.116  
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4.15. WG-based composites – Compression-moulded composites 

4.15.1. Morphology of cross-section 

From the industrial point of view, compression moulding is a more commercially 

attractive technique compared to dip-coating. Because of the high pressure during 

the impregnation of the weave it was expected that the WGG contact with the flax 

would be greater than with the dip-coating technique. Two glycerol contents (20 

and 30 wt%) were used, which were symmetrically chosen around the glycerol 

content used in the dipping (25 wt%).  Figure 36 shows the cross-sectional 

morphology over the interface between matrix and fibres for two composites 

compression-moulded at 150 °C containing 20 and 30 wt% glycerol. The 

composite with higher glycerol content showed a smoother interface (cf. Figure 

36a and c). It (CM30-150) was easier to cut smoothly and, in contrast to the   

CM20-150 sheet, the delamination between the matrix and the yarn during the cut 

was small or absent. The fact indicates that the increase in the content of glycerol 

improved the interaction between the matrix and the fibre. Another possible 

explanation is that the interface interpenetration increase as it has been observed 

on water-welding WG sheets.117 It is also evident in Figure 36d that, even though 

the matrix readily fills the space between the yarns, there is little visibly penetration 

into the yarn itself. Where this occurs, the WGG matrix only enters between the 

outermost individual fibres despite the high pressure applied.  
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Figure 36. FE-SEM images of compression-moulded composites pressed at 150°C with 

(a and b) 20 and (c and d) 30 wt% glycerol. 

4.15.2. Mechanical properties 

Table 10 shows the mechanical properties of the compression-moulded sheets 

pressed at 150 °C, with a flax content of 19 wt%. It can be estimated from Figure 

33c that dip-coated composites at same flax content result in much lower modulus 

(<300 MPa) compared to those of compression-moulded sheets (591 MPa for 

CC20-150 and 308 MPa for CC30-150). The compression-moulded WGG sheet 

shows much higher in-plane modulus and strength (Table 10) than those of the 

casted WGG (average modulus of 0.8 MPa and strength of 1.1 MPa). This is due 

to the high temperature used in the compression moulding that resulted in a high 

degree of aggregation/crosslinking. With an increase in the plasticizer content, the 
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modulus and strength generally decrease, while the elongation at break 

increases.118-119 However, a plasticizer is needed here since it improves 

processability and toughness of WG.42 Table 10 shows that the presence of the 

flax led to a stiffness and strength that were respectively 90-150 and 4-8 times that 

of the flax-free sheets containing 20 and 30 wt% glycerol, respectively. 

Table 10. Mechanical properties of the samples compression-moulded at 150 °C 

Sample Modulus (MPa) 
Maximum stress 

(MPa) 

Strain at max. 

stress (%) 

CM20-150 6.8 ± 1.0 6.6 ± 0.9 159.8 ± 14.0 

CM30-150 2.1 ± 0.4 3.3 ± 0.2 204.5 ± 11.6 

CC20-150 591 ± 71 28.2 ± 2.0 6.9 ± 0.5 

CC30-150 308 ± 36 27.7 ± 3.0 9.9 ± 0.8 

± values are standard deviations 

Table 11 shows the in-plane modulus, maximum stress, and strain at maximum 

stress for the WGG sheets and composites compression-moulded at 140, 150, and 

160 °C. The stiffness and strength of the composites were significantly higher than 

those of the WGG sheets pressed at all temperatures. For instance, the composite 

sheets pressed at 160 °C showed a stiffness more than 200 times that of the WGG 

sheet. The extensibility of the composite sheets was at the same time significantly 

reduced. An increase in pressing temperature leads to an increase in the protein 

polymerisation/aggregation and the associated formation of additional β-sheets,39 

resulted in a stiffer network. This can be observed as an increase in the IR 

absorbance at ca. 1625 cm-1 with temperature increased from 140 to 160 °C, as 

shown in Figure 35b. It was also observed that the strength slightly increased with 

increasing pressing temperature for both the WGG and the composites. 

Interestingly, the extensibility increased in the WGG, whereas decreases slightly in 

the composites. The possible reason might due to the effective chain entanglement 

of mobile chains, which increases with the protein polymerisation/aggregation and 
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limits chain disentanglement during deformation. The flax fibres here did not seem 

to affect the protein polymerisation,120 since the IR curves showed the same trend 

for the WGG (not shown) with increasing pressing temperature as in Figure 35b.   

Table 11. Mechanical properties of samples compression-moulded at 140-160 °C 

Sample Modulus (MPa) 
Maximum stress 

(MPa) 

Strain at max. 

stress (%) 

CM30-140 1.9 ± 0.7 2.6 ± 0.3 196 ± 26 

CM30-150 2.1 ± 0.4 3.3 ± 0.2 205 ± 11 

CM30-160 1.7 ± 0.1 3.4 ± 0.4 225 ± 8 

CC30-140 260 ± 16 27.3 ± 3.0 12.2 ± 0.8 

CC30-150 308 ± 36 27.7 ± 3.0 9.9 ± 0.8 

CC30-160 349 ± 37 28.2 ± 1.4 9.2 ± 0.3 

± values are standard deviations 

4.15.3. Crack-resistance  

High crack-resistance is important for many applications of sheets. The crack-

resistance of the WGG sheets was relatively poor but it should be possible to 

improve it with a reinforcing weave. The crack-resistant properties were tested on 

the rectangular samples (10 mm × 50 mm) with 3 mm notch premade on one side 

of the sheet perpendicular to the tensile direction. During tensile test, the stress 

provided energy for the growth of the premade crack or a new crack and the 

extension of the surfaces on either side of the crack. The crack-initiation energy 

was calculated as the energy at maximum stress. 

Table 12 shows the crack-resistance properties of the samples, where the 

maximum stress was 17 times (CC30-150, 160) that of the WGG samples     

(CM30-150, 160). The composite sheets were also tougher with both the          

crack-initiation energy and energy at break being higher than that of the WGG 
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sheets. The maximum stress in the case of the composite sheets was clearly related 

to the onset of crack propagation. This was not  necessarily the case with the WGG 

sheets. The tensile stress-strain curves of these showed no drastic changes during 

the tensile deformation and it was difficult to determine when the crack started to 

propagate. The fracture process in the composite sheets involved fibres fracturing 

(or gliding apart) at different places along the yarn after different times, often 

pulled out from the matrix. In the composites, the adhesion between the matrix 

and the fibres was sufficient to lead to secondary matrix fracture at a remote 

distance from the main crack (illustrated in Figure 37a) as the fibres were pulled, 

while such kind of remote fracture was absent in the case of WGG sheet (Figure 

37b). Figure 37c shows examples of stress-strain curves of notched composite and 

WGG sheets.   

Table 12. Mechanical properties of the notched compression-moulded samples 

 Sample 
Maximum stress 
(MPa) 

Energy at 
maximum stress 
(mJ) 

Energy at break 
(mJ) 

 CM20-140 7.2 ± 1.7 56 ± 30 94 ± 27 

 CM20-150 5.6 ± 1.4 54 ± 51 80 ± 52 

 CM20-160 6.7 ± 1.6 60 ± 31 100 ± 42 

 CM30-140 2.0 ± 0.5 23 ± 6 42 ± 10 

 CM30-150 1.7 ± 0.2 19 ± 8 31 ± 10 

 CM30-160 1.7 ± 0.1 16 ± 2 30 ± 5 

 CC20-140 22.9 ± 1.9 93 ± 25 147 ± 40 

 CC20-150 29.6 ± 1.9 145 ± 19 248 ± 46 

 CC20-160 26.4 ± 3.3 159 ± 9 257 ± 85 

 CC30-140 28.6 ± 3.7 273 ± 60 374 ± 85 

 CC30-150 29.4 ± 5.3 206 ± 84 330 ± 128 

 CC30-160 30.1 ± 2.9 210 ± 49 365 ± 92 

 ± values are standard deviations. 
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Figure 37. Compression-moulded sheets tensile tested with (a, CC20-150) and without 

(b, CM20-150) the flax weave. The notches are marked with black arrows. The sheets were 

1 cm wide. The fracture remote from the main propagation is marked with a white arrow. 

(c), Examples of tensile curves with (bold line, CC20-150) and without (thin line,       

CM20-150) the flax weave. 
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5. CONCLUSIONS 

A novel type of bioplastic (foam and composite), has been developed based on 

WG proteins. Foams with different porosities and pore size distributions were 

produced by freeze-drying, which templates cellular structure from ice crystals 

frozen prior to the drying process. It is considered as a green technique for foam 

production, since only water is used as suspension media and foaming agent. Novel 

functionalities, such as flame-retardant and antimicrobial properties have been 

“built-in” to the biofoams.  

The thesis is summarized from five scientific papers. The first paper presents    

WG-based foams with outstanding flame-retardant and thermal insulation 

properties. The flame-retardancy was achieved by in situ polymerization of 

hydrolysed TEOS with denatured WG molecules. The presence of silica 

nanoparticles in the final foam structure, residual water and water from additional 

condensation during burning, and the formed char, was sufficient for a rapid     

self-extinguishing during burning. It was found that with a minimum of 6.7 wt% 

of silica, excellent fire-resistance was achieved.  

In the second paper, a new methodology of making the antimicrobial foams was 

developed by impregnation with a Lanasol solution, which is a bromophenol 

occurring in algae. The water sorption experiments with the foams revealed a 

maximum water uptake of 32 times the original sample weight. Both sorption into 

the cells and cell walls contributed to the high water uptake. Water also plasticizes 

the matrix, making the foam flexible and acting as a sponge in the wet stage. In the 

case of limonene sorption, the maximum uptake was smaller, but showed that the 

uptake of a non-polar liquid yielded reversible sorption property without changing 

the properties of the foam (remained rigid). Therefore, the potential use of the 

foams could be acting as a transfer/storage medium for liquids such as oils and as 

a slow-release matrix for surfactants.  
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The third paper describes a novel conductive and flexible WG foam by using 

CNTs, CB or rGO as the conductive filler phase and glycerol as plasticizer. At 

same filler concentration, CNT-filled foams showed the highest conductivity and 

a significantly lower percolation threshold with percolation occurring already at 

0.18 vol%. The conductivity change upon compression was documented. The 

measurements revealed that the resistances of the CNT and CB filled foams were 

essentially independent of deformation; hence, they are suitable for use in 

electromagnetic shielding and electrostatic discharge applications. 

In order to explore how the freeze-drying technique can be up-scaled to larger 

foam products, a simple and rapid water-welding technique was developed. The 

water-welding occurred by first wetting faces of foam cubes with a small amount 

of water and then pressing them together. The water plasticized the wetted cell 

walls and formed a thin solid material (weld) during drying. Due to the formation 

of solid/dense welds, which were always stronger than the surrounding cellular 

materials, as measured by three-point bending tests. The fact that the solid weld 

forms a wall that limit gas convection in the otherwise mainly open cell structure 

should be beneficial for high thermal insulation.  

In the last paper (Paper V), a fully bio-based composite based on wheat gluten and 

reinforcing flax-fibre-weaves, was developed. Two manufacturing methods were 

used; dip-coating of the weaves in glycerol-plasticized WG solution and 

compression moulding. The presence of the fibre-weave led to a stiffness 150 

higher than that of matrix sheet without flax. The crack-resistance of WG was also 

significantly improved by the use of fibre-weave.  
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6. FUTURE WORK 

In this work, we have shown that wheat gluten is a promising biopolymer resource 

to produce biodegradale plastics, which is environmental friendly and does agree 

with sustainability. However, to be able to compete with conventional    

petroleum-based plastics, the following aspects require further work: 

 The precise structures and the molecular weight distribution should be 

further studied to better understand the cross-linking mechanism of the 

gluten related polymerizations. 

 The water resistance of the wheat gluten-based products need to be 

improved to be used in wide applications, especially for high humidity 

environments. Functionality of the proteins by hydrophobic molecules 

could be one of the options.  

 Industrial foaming processes, such as extrusion or injection foaming could 

be investigated to produce the wheat gluten foams in a commercial way.  
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