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Abstract 
Scientific and market researches are developed to replace the non-renewable fossil resources 

with renewable raw materials, and to reduce and valorise the industrial waste in order to develop new 
innovative green materials. Conversion of lignocellulose during acid-catalysed hydrolysis process 
leads to the valorisation of this biomass into value added chemical building blocks (HMF, FF, LA, 
etc.), but also provoke the formation of a dark-coloured by-product called humins. Feathers represent 
around 5‒7% of the corporal mass of an adult chicken, being one of the main wastes generated by 
the poultry industry. Knowing that the chicken feathers consist of 91% keratin, this side-product can 
be an important renewable source used as alternative for fossil derivative materials. The main 
objective of this thesis was the valorisation of humins and of chicken feathers in order to develop 
eco-friendly materials. Firstly, humins-based resins have been designed with modulable properties 
from elastic to rigid. Then, these humins-based resins were used for composites production with 
chicken feathers and lignin as bio-fillers. Thereafter, to produce fully bio-based thermoset resins, 
humins were copolymerized with phloroglucinol diglycidyl ether, a green epoxy comonomer from 
algae. Moreover, recyclable bio-based composites were developed by reinforcing humins-based 
thermoset resins with various natural non-woven fibers such as chicken feathers and vegetable fibers 
in order to develop eco-friendly materials for automotive industry. Finally, bio-based thermoset 
materials based on resorcinol diglycidyl ether, an aromatic epoxy compound derived from wood, and 
chicken feathers or lignin were developed.  
The studies developed in this thesis propose the synthesis, elaboration and characterization of several 
bio-resins and bio-composites fulfilling the criteria and requirements asked for an industrial 
valorisation.   
Keywords: humins, keratin, chicken feathers, lignin, bio-based and sustainable polymers & 
composites, waste & by-products valorisation 

 
 
Résumé 

Des études scientifiques et industrielles sont axées pour remplacer les ressources fossiles par des 
matières premières renouvelables, pour réduire et valoriser les déchets industriels afin de développer 
de nouveaux matériaux verts et innovants. La conversion de la lignocellulose en bioraffineries par 
hydrolyse acide permet la valorisation de cette biomasse en produits plateforme à valeur ajoutée 
(HMF, FF, LA, etc.), mais provoque également la formation d'un sous-produit : les humines. Les 
plumes représentent de 5 à 7% de la masse corporelle d'un poulet adulte, étant l'un des principaux 
déchets générés par l'industrie de la volaille. Sachant que les plumes de poulet sont composées à 91% 
de kératine, ce déchet peut devenir une source renouvelable importante et utilisée comme alternative 
aux matières premières fossiles. L'objectif principal de cette thèse fut la valorisation des humines et 
des plumes de poulet afin de développer des matériaux « durables ». Tout d'abord, des résines à base 
d'humines ont été conçues, ayant des propriétés variant de flexibles au rigides. Ensuite, ces résines à 
base d'humines ont été utilisées comme matrice pour préparer de matériaux composites avec des 
plumes de poulet et de la lignine comme biocharges. Par la suite, des résines thermodurcissables 
entièrement biosourcées ont été synthétisées par la copolymérisation des humines avec le 
phloroglucinol diglycidyl éther, un monomère époxy obtenu à partir d'algues. De plus, des 
composites biosourcés recyclables ont été développés en renforçant les résines thermodurcissables à 
base d'humines avec diverses fibres non tissées comme les plumes de poulet ou les fibres végétales. 
Enfin, des matériaux thermodurcis biosourcés à base de diglycidyl éther de résorcinol et de plumes 
de poulet ou de lignine ont été élaborés. 
Les études réalisées dans cette thèse proposent la synthèse, l'élaboration et la caractérisation de 
plusieurs bio-résines et bio-composites répondant aux critères et exigences demandés pour une 
valorisation industrielle. 
Mots-clés: humins, kératine, plumes de poulet, lignine, polymères et composites et durables 
biosourcés, valorisation de déchets et de sous-produits 
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2 Industrial by-products from food industry and biorefinery as potential renewable raw materials- State of the art 

 

 

Context 

 

The increasing amount of petroleum-based materials and products, as well as industrial 

waste discharged into nature, are among the most pressing factors that strongly affect the health 

of ecosystems in this last decade. To combat the environmental pollution problem, scientific 

researches place great emphasis on developing new environmentally friendly bio-based 

materials, and on waste and resources management by promoting the circular economy 

concept. The main purpose of this chapter is the bibliographic investigation on the use of two 

industrial by-products such as the chicken feathers from food industry and the humins from 

biorefinery. The formation processes of these industrial by-products but also different physical 

and mechanical characteristics were presented. Likewise, the potential valorisation routes of 

these industrial by-products have been reviewed in compliance with the research studies up to 

now. 

1.1. Keratin - a valuable renewable resource  

The need to significantly reduce environmental pollution has led to the investigation 

and development of new materials from renewable resources. Natural fibers come from 

biological origins and are found in plants, animals, and mineral-based sources. It is known that 

the animal fibers are mainly composed of proteins.1 Proteins are biopolymers which can be 

used as alternative for materials derived from petroleum because are biodegradable, renewable, 

inexpensive and especially abundant. An important source of protein is represented by chicken 

feathers which are mainly obtained as by-product from the poultry industry.2  

1.1.1. Structure, physico-chemical and mechanical properties of 

chicken feathers 

Feathers represent around 5‒7% of the corporal mass of an adult chicken,3 functioning 

as  covering for poultry. For birds, feathers play an important role in functions such as flight, 

protection, heat retention or waterproofing. These large diversity of the feathers' functions has 

been generated over time by the permanent need for adaptability of the body to different times 

of their life.4 To archive all these functions, feathers are classified, according to their structural 

types as contour feather, semiplume, filoplume, chick down and bristle feather.4–6 
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The most common of these feather structures are the “contour feathers” that cover the 

wings, tail and body. Contour feathers are the largest feathers which give the colour and round 

shape of the birds, providing also the first level of defence against collisions, sun, wind and 

rain. Chick down structures represents the finest layer of feathers being small, soft and fluffy 

downy feathers. This type of feathers provides most of the insulation against heat loss. The 

semiplume feathers are found between contour and chick down feathers, acting as extra 

insulation and providing shape to the bird. The filoplumes structures are situated at the base of 

each contour feather. These are very small, stiff and hair-like with a few soft barbs near the tip 

and without a very well understood function. It is assumed that the filoplumes present sensory 

functions, helping the birds to keep the optimal position of feathers for flight. Bristles feathers 

are found around the eyes and mouth of the birds being comparable to mammalian eyelashes.4 

Feathers present a complex hierarchical branched structure where rachis is the primary 

structure, barbs are the secondary and barbules the tertiary branches.7 The naked portion of the 

feather is named calamus and is implanted in bird’s skin. The rachis represent the central axis 

of the feather and could be up to 17 cm in length.8 The widest part of the rachis may have a 

diameter around 3 mm.9 The barbs represent the secondary structure of the feathers and are 

attached on each side of the rachis, this portion of the feather being called vane. The barbs' 

length is from 1 to 4.5 cm depending on their location on rachis, such that the barbs present at 

the tip of the rachis are shorter than those at the base. The diameter of this filaments is between 

Figure 1. Types of feathers: a) contour feathers, b) semiplume, c) chick down, d) filoplume, 

 e) bristle4–6 

Figure 2. Structures of chicken feathers 



 

 

 

4 Industrial by-products from food industry and biorefinery as potential renewable raw materials- State of the art 

 

40‒400 μm, varying from the distal end to the proximal end.8–10 On the barbs are attached 

microfilaments called barbules which present structures like hook at their tips. The length of 

barbules is less than 1 mm (0.3‒0.5mm) and their diameter ranges from 10 μm to 30 μm.8–11  

In the rachis and barbs cross-section it can be observed the presence of a honeycomb 

structure.7,10,12 The rachis consist of a hollow cylinder called cortex, inside of which is a 

supporting foam core called medulla.13 According to Reddy and Yang8 these honeycomb 

structures act as air and heat insulators, providing a high compressibility resistance and 

lightweight of the feathers. About 50% of the feathers weight is represented by barbs and the 

other 50% by rachis.14 

According to theories15,16 it is assumed that the evolution process of feathers is divided 

in several stages like: elongation of scales, appearance of a central shaft, differentiation of 

vanes into barbs and appearance of barbules. In the first phase, feather originates as a hollow 

tube which than change into a series of barbs in the second phase. After this, the barbs self-

organize along a central axis called rachis. In the last phase, the barbules appear attached by 

barbs and the feather develop their final organizational structure.7 

The mechanical properties of chicken feathers make them unique fibers suitable for 

several applications. Reddy and Yang8 analysed the structure and properties of chicken feathers 

barbs and compared them with that of the wool and turkey feathers. The fineness and elongation 

of chicken feather barbs are similar to those of turkey feathers barbs but lower than those of 

the wool. The strength and the modulus of chicken feathers barbs are similar with that of wool. 

The modulus values indicate the softness and flexibility of a material, so a low modulus 

indicates a soft and flexible material.  

Table 1. Properties of chicken feather, turkey feathers and wool fibers  

Fiber 
Fineness 

(denier) 

Strength 

(g/den) 

Elongation 

(%) 

Modulus 

(g/den) 

Moisture 

regain (%) 
Reference 

Chicken 
barbs 

76 1.44 7.7 35.6 9.7 [8] 

Turkey barbs- 
pennaceous 

142 0.83 7.96 15.55 - [17] 

Turkey barbs- 
plumalaceous 

55.2 0.36 16.43 4.47 - [17] 

Wool 11 1.2-1.8 30-40 30-45 16 [18] 

Zhan and Wool9 report that both tensile modulus and tensile strength of different 

feathers are significantly different, so the tensile modulus of chicken feathers barbs is around 

3.59 ± 1.09 GPa and the averages tensile strength is 203 ± 74 MPa. Sah et al.12 found that 

chicken feather fibres have fineness of 36.48 denier, tensile strength of 1.32 g/den, elongation 

of 10.75% and modulus of 22.61 g/den. Through thermogravimetric analysis, they observed a 

decrease of 10% in feathers mass from 25°C to 80°C which is due to the loss of free water. 
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Around the temperature of 205°C appeared a second decline of weight in which feathers 

gradually started to decompose. Tesfaye et al.10 have examined the physical properties and 

morphological structure of chicken feathers in order to identify possible routes for the 

valorisation of these wastes. The authors report that the moisture content of the barbs is around 

12.33%, for the whole feathers ≈ 10.54%, while for the rachis ≈ 8.75%, thus proving the 

hygroscopic character of the feathers. According with the reported studies,19,20 the glass 

transition temperature (Tg) of the chicken feathers fibers is ranged between 220 °C and 240 °C. 

Likewise, due to the complex chemical structure, the chicken feathers have both hydrophobic 

and hydrophilic character in a proportion of about 60:40%. The waterproof properties of the 

feathers are due to a thin layer composed of lipids covering their external part. The estimated 

value of the total fat content in the chicken feather is ≈ 1.53%.21 

1.1.2. Keratin from chicken feathers 

1.1.2.1. Characteristics and properties  

Chicken feathers are composed from approximately 91% proteins (keratin), 8% water 

and 1% lipids6,22, so these are one of the main source of keratin. Keratin is considered  one of 

the most important biopolymer.7 The term keratin is derived from the word "kera" which means 

horn in Greek. In the past, this term referred to all proteins extracted from horns, claws, hooves, 

nails or skin modifications.23,24 After several investigations, the term is currently redefined and 

refers to all filament-forming intermediate proteins with specific physico-chemical properties 

and produced in any vertebrate epithelia.25 Keratin fibers present a hierarchical structure, with 

a highly-ordered conformation, product of a large evolution of animal species. Is the major 

component of hair, wool, nails, hooves, claws, scales, horn, beaks and feathers.24  

 Based on X-ray diffraction, keratins can be classified into α-pattern, β-pattern, feather-

pattern and amorphous pattern.26–29 The α-helix structure is characterized by intramolecular 

hydrogen bonds, while the β-sheet structure is characterized by inter-chains hydrogen bonds 

between amino and carbonyl groups.30 Keratin is characterized by a high stability due to the 

intermolecular bonds between the polar and the non-polar amino acids and a low solubility 

caused by the presence of S-S cysteine bonds.30,31 The α-keratin proteins are organized as 

coiled coils. This conformation was first postulated independently by Pauling and Crick32. 

Shortly after, Pauling, Corey and Branson33 identified the structure as consisting of two 

helically wound chains of polypeptides. The helical structure is stabilized by the hydrogen 

bonds inside the helix chain, causing the chain to twist and exhibit a helical shape. Also, this 

conformation consists of keratin microfibrils in a sulphur matrix, and the breaking strain of α-

keratin fibers (e.g. hair and wool) is ≈ 45%, while their Young’s modulus is around 2000 

MPa.25 β-keratin looks like an pleated sheet, consisting of laterally packed β-strands which can 

be parallel or antiparallel, and the chains are held together by intermolecular hydrogen bonds.34 
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The pleated sheet structure is stabilized by two factors such as the hydrogen bonds between 

beta strands which contribute to the formation of the sheet and the planarity of the peptide bond 

which forces the β-sheet to be pleated. Keratin can be considered as a polymer/polymer 

composite of crystalline filaments embedded in an amorphous matrix. 34 The amino acid chains 

of β-keratins are shorter than those of α-keratins, being characteristic for hard-keratinized and 

hard-cornified modified epidermis in reptiles and birds.23  

Generally, proteins are composed of different amino acids joined in sequential chains. 

Th fibril proteins consist of polypeptide chains by the condensation of different amino acids. 

The keratin shows an elevated content of the amino acid as glycine, alanine, serine, cysteine 

and valine, and lower amounts of lysine, methionine and tryptophane.24,35,36 Keratin feathers 

contains a range of noncovalent interactions (electrostatic forces, hydrogen bonds, hydrophobic 

forces) and covalent interactions (disulfide bonds).37 Cysteine is a sulfur-containing amino acid 

which, by oxidation, forms inter- and intramolecular disulfide bonds and creates a crosslinked 

network.2 The second largest quantity amino acid in chicken feathers is represented by serine 

who contains -OH groups. Hydrogen bonds are created by non-ionic polar amino acids and 

these can be found between amino and carbonyl groups. The energy of hydrogen bonds is lower 

than that of ionic or covalent bonds, but higher than the energy of hydrophobic interactions.24  

Keratin reactivity depends on several factors such as chemical composition, 

morphological structure, the character of intermolecular bonds and the presence of active 

functional groups, but can be also influenced by its solubility or water susceptibility.24  

Keratin is naturally insoluble due to inter- and intra-molecular disulfide linkages, and 

to interchain peptide linkages.34,36 The solubility of β-keratin was described by alkaline 

Figure 3. Molecular structure of α-helices and β-sheet keratin  
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thioglycolate and combination of a disulfide bond-breaking reagent and a protein 

denaturant.38,39 The keratin is highly stable in polar solvents like water, weak acids and bases. 

The presence of cysteine in ample amount made keratin susceptible for hydrolytic and 

oxidative reactions.35,37 Apparently, keratin is insoluble in water with very low chemical 

reactivity. However, its solubility in water increases at low pH, high temperature and in 

presence of some reducing agent (i.e. Na2SO3 or Na2S). The reactive functional groups present 

in keratin protein, especially peptide backbone, such as disulfide (-S-S), amino (-NH2) and 

carboxylic acid (-COOH), make it chemically reactive.  On reduction, disulfide crosslinks are 

broken into free thiol (-SH) besides the protonation of some -NH2 and other groups in keratin 

making its surface positive and thus its solubilization takes place.35,40 Thus, by protonation the 

keratin proteins acquire positive surface charge and become a pseudo-cationic biopolymer.  

Keratinous materials exhibit exceptional mechanical functions depending on the host 

animal origin. Mineralization with calcium and other salts can contribute to the hardening of 

keratins. The alignment and volume fraction of filaments influence the mechanical properties 

of keratins, and humidity plays an important role in the mechanical behaviour of keratins.34 

1.1.2.2. Extraction of keratin protein from chicken feathers 
Keratin proteins can be extracted by various routes such as acid, enzymatic or alkaline 

hydrolysis, reduction or oxidation of the disulfide bonds, thermal treatment in some organic 

solvents and various hydrothermal methods.40,41 The chemical hydrolysis leads to destruction 

of the native structure of keratin and the feather waste becomes more water-soluble. The acidic 

hydrolysis is highly efficient, but causes the loss of some amino acids, while the alkaline 

hydrolysis is slower and can be incomplete, but the loss of amino acids is lower.42 

David et al.39 demonstrated that chicken feathers can be converted to natural proteins 

soluble in alkali or acid and digestible by trypsin and pepsin. This was accomplished by 

breaking the disulfide bonds of the keratin.  By breaking the S-S bonds, the strength of the 

keratin can be reduced thus it become soluble and converted to natural protein. In another study, 

Gupta et al.43 investigated the extraction of keratin from the chicken feathers by dissolving 

them using different reducing agents like potassium cyanide, thioglycolic acid and sodium 

sulfide. After feathers’ dissolution the keratin was precipitated with ammonium sulphate 

solution and then was separated from chemicals. The percentage of keratin protein obtained 

was evaluated by biuret test and FTIR analysis. It was found that the extraction with sodium 

sulfide gives the highest efficiency in dissolving chicken feathers, the total mass of obtained 

protein being about 53%. Thereby, the products obtained after chicken feathers dissolution 

confirmed the presence of true keratin protein without any foreign materials. Bomou Ma et 

al.44 extracted the keratin from chicken feathers by breaking the disulfide bond networks using 

l-cysteine as reducing agent. A mixture of urea and cysteine adjusted to pH 10.5 was used to 
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dissolve the feathers, and then the precipitate was extracted and washed. The water-keratin 

solution was freeze dried and pulverized to obtain the keratin powder, the yield being about 

60%. Feather keratin was extracted also by Yin et al.45 under reducing conditions with the so-

called Shindai method. The process of extraction included three main steps such as ethanol pre-

treatment, hydrochloric acid pre-treatment and 2-mercaptoethanol deoxidization. The yield of 

keratin obtained from chicken feathers was ≈ 93%, the molecular weight ≈ 20 kDa, with low 

dispersity, including 14–15% cysteine residues. Generally, various treatment conditions such 

as temperature, time, pH value and dosage of the reagents, have a significant influence on the 

yield and the molecular weight of the extracted keratin. 

 Sinkiewicz et al.42 determined the effect of thermo-chemical treatments with various 

reducing agents on the yield of keratin extracted from chicken feathers. To extract keratin, two 

processes were used, the reduction and the hydrolytic process. The results of the study 

demonstrate that the hydrolytic processes to obtain soluble keratin (yield about 94%) are more 

effective than its solubilization by reduction of the disulfide bonds (yield ≈ 82‒84%). Garrido 

et al.2 obtained hydrolysed keratin, which has been used as a source of sulfur for protein-based 

films development. Commonly, alkaline hydrolysis is done using heating to increase the yield, 

but this heating increases also the amino acid destruction. In the reported study, hydrolysed 

keratin was obtained at room temperature to develop a simple, inexpensive and eco-friendly 

process. Keratin was extracted from chicken feather waste using alkaline hydrolysis obtaining 

a maximum protein yield around 70.23‒80.2%.46,47 The extracted keratin particles were used 

to develop bioplastic films with potential applications in biomedical and pharmaceutical 

industries. In another work, Na Ayutthaya et al.48 extracted keratin from chicken feathers via 

an environment-friendly method such as sulfitolysis method. To do this, the cleaned feathers 

were immersed in aqueous solution of sodium hydroxide, urea, sodium dodecyl sulphate and 

sodium meta-bisulfite in different proportions (0.0‒0.5 M). Sodium meta-bisulfite was used to 

break covalent disulfide bonds from chicken feathers protein. The cysteine disulfide bonds 

were cleaved with sulfite and the cysteine thiol and cysteine-S-sulfonate were released. The 

highest yield of keratin (87.6%) was obtained when 0.2 M of sodium meta-bisulfite was used. 

The use of ionic liquids (IL)37,49,50 and deep eutectic solvents (DES)51 as chemical 

treatments for keratin extraction has been intensively explored due to their capacity to keep the 

properties of the original polymer and due to their recyclability. The ILs are organic salts with 

ionocovalent structures and are often liquid at room temperature, while DES are low transition 

temperature mixtures consisting in an organic salt together with a H-bond donor.52,53 Ji et al.49 

dissolved poultry feathers using a common water-soluble imidazole IL such as 1-butyl-3-

methylimidazolium chloride together with Na2SO3, succeeding to obtain a dissolution rate of 

feather ≈ 97% and a yield of keratin about 75.1%. In order to produce an uniform keratin 



 

 

 

9 Industrial by-products from food industry and biorefinery as potential renewable raw materials- State of the art 

 

feedstock, Nuutinen et al.51 processed the poultry feathers with an aqueous DES composed of 

non-toxic sodium acetate, urea, and a small amount of water. The processing conditions were 

optimized in terms of keratin yield and properties by varying different factors such as the 

dissolution time, the temperature, but also the molar ratio of sodium acetate–urea. 

1.1.2.3. Keratin modification 

Covalent modification of keratin is an effective way to modulate its macromolecular 

function.54–56 The chemical modifications of keratinous protein are selective for molecular 

residue of protein57 and may be used to increase or modulate the reactivity of desired functional 

groups. 

Alkylation of cysteine was accomplished using electrophiles such as iodoacetamide for 

the first time in 1935.58 Chalker et al.59 carried out chemical modifications of cysteine. Clark 

and Lowe60 worked on conversion of the active-site cysteine residue of papain into dehydro-

serine, serine and glycine residues. They used bromoacetophenone derivatives to alkylate the 

cysteine of keratin and to convert it into formyl glycine photochemically. Many methods were 

adopted to form disulfide on keratinous cysteine, such as, air oxidation, mixing thiol in protein 

containing basic buffer, reaction of 5,5-dithiobis(2-nitrobenzoate) or Ellman’s reagent with 

cysteine.61,62 Danishefsky and Wan63 developed a mild radical based desulfurization, that is 

specific for cysteine. Such reactions regarding desulfurization have also been reported by Crich 

et al.64–66 on peptides. Holmes and Lawton67 report about conversion of cysteine into 

dehydroalanine as a result of its oxidative elimination during desulfurization. In other studies, 

nickel and palladium are used to mediate the selective reduction of cysteine to alanine.45 

 Keratin shows a high resistance to chemical and physical factors. This protein can be 

degraded using acids, bases, enzymes, increased temperature or UV radiation. Being exposed 

to mineral acids, the protein fibers undergo degradation, while under the influence of the bases, 

keratin first expands and then degrades.24 The biodegradation process is also triggered by 

certain species of fungi (e.g. Aspergillus fumigatus), producing a keratinolytic enzyme that 

decomposes keratin. Enzymatic degradation is beneficial for the industry, since it occurs at 

room temperature, which reduces the costs of the process. 

1.1.3. Purification and treatment methods of chicken feathers 

After being removed from the chicken's body, feathers are contaminated with various 

impurities.68 Therefore, feathers must first undergo a decontamination and pre-treatment 

process. The decontamination process refers to the removal of pathogens and microorganisms, 

while the pre-treatments represent the cleaning of feathers surface from impurities such as fats, 

sand, waste waters, etc.69,70 Tesfaye et al.69,70 tested various pre-treatments and 

decontamination processes of feathers in order to determine the most effective ones. The 
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authors used different surfactants, the obtained results being compared with the 

decontamination by high heat in autoclave unit.69 It was found that the physico-chemical 

properties of the decontaminated and pre-treated chicken feathers with surfactants did not 

undergo significant changes and the microbial number decreased considerably, making them 

safe for handling and use in different applications.  

 Pourjavaheri  et al.71,72 tested the effectiveness of various methods of chicken feathers 

purification correlated with their mechanical and microbiological properties. The purification 

techniques used were: a) Soxhlet extraction with ethanol (SEEt), b) ozonation, c) purification 

by ClO2, d) purification with a non-ionic surfactant as poly(ethylene glycol) (PEG), e) 

purification with an anionic surfactant as sodium lauryl sulphate (SLS), f) purification with a 

cationic surfactant as cetyltrimethylammonium chloride (CTAC) and g) purification via a 

combination method (SLS–ClO2–SEEt). Comparing the purification methods, it was found that 

the Soxhlet extraction with ethanol and purification via a combination method have reduced 

considerable the bacterial counts being the only treatments that destroyed Salmonella. 

Combined surfactant–oxidant-ethanol purification generated better mechanical and 

morphological properties compared to Soxhlet extraction with ethanol, providing superior 

tensile strength of fibers. However, the Soxhlet extraction with ethanol was chosen as the safest 

purification treatment.  

 For the degreasing of chicken feathers, one of the most used method is the treatment 

with petroleum ether in a Soxhlet device for a certain period of time (between 4 and 24h), then 

washed with distilled water and dried.42,46,47,73–75  

 To improve the properties of chicken feathers and to increase their use, the researchers 

studied different methods of chemical modification to change their structure and morphology. 

Khosa, Wu et Ullah76 analysed different chemical modifications of chicken feathers to further 

use them as raw materials for preparing arsenic removing biosorbents from water. The authors 

tried three types of chemical modifications: treatment with alkaline aqueous solution, sodium 

sulfite supported modifications and treatment with methyl alcohol. These chemical 

modifications focused on the following three functional groups  from feather protein: a) 

sulfhydryl groups (SH), b) amino groups (-NH2) and c) carboxylic groups (-COOH).76 

Flores‑Hernandez et al.74 treated the chicken feathers with sodium hydroxide, then used them 

as reinforcement material in chitosan–starch polymers. The authors report that this treatment 

modifies the surface of the fibers but does not affect the protein structure. 

1.1.4. Potential applications of chicken feathers 

1.1.4.1. Feathers as biofertilizers and flame retardants 

 The presence of high amounts of nitrogen in feathers makes them ideal for use as 

fertilizer. Gurav and Jadhav77 demonstrated that hydrolysed feathers could be an inexpensive 
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and good fertilizer for banana plants. The chicken feathers were degraded with the help of 

Chryseobacterium species, being then used as fertilizer for banana plants. The inclusion of 

hydrolysed feathers as fertilizer led to an increase in chlorophyll content, the protein but also 

the amino acids content in banana fruits compared to the control plants. Gousterova et al.78 

treated the feather waste with thermophilic actinomycete strains and used them to restore 

contaminated soil and also as a fertilizer for rye grass cultivation. The authors demonstrated 

that the hydrolysed feathers could be used as biocontrol agents and as fertilizer. According to 

these studies was found that the availability of nitrogen from the feathers as fertilizer is 

considerably low because the feathers are highly crosslinked with cysteine linkages and are 

difficult to degrade. 

The presence of high doses of nitrogen in the molecular structure of chicken feathers 

keratin led to the development of flame retardants by Wang et al.79. In the first step, they 

hydrolysed the feathers using sodium hydroxide and urea. Next, the precipitate obtained was 

collected, dried and then was ground to powder. The P-N based flame retardant was prepared 

by mixing melamine, sodium pyrophosphate and chicken feather keratin powder in 1:8:5 mass 

ratio, then a certain amount of glyoxal was added to the mixture. In this manner the authors 

obtained a yellowish feather-based flame retardant. Then the flammability of different types of 

fabrics such as untreated cotton fabric, treated cotton fabrics with the chicken-feather protein-

based flame retardant, treated cotton with borax and boric acid and treated cotton with the 

combination of the chicken-feather protein-based flame retardant and borax and boric acid 

were investigated by the vertical flammability test and limited oxygen index test. After tests, 

they concluded that the combination of the chicken-feather protein-based flame retardant and 

borax and boric acid had a good synergistic effect on enhancement of flame retardancy 

performance of the finished cotton fabric. 

Wrześniewska-Tosik et al.80 prepared composites based on elastic polyurethane with 

milled chicken feathers in order to produce foam materials. The flame-retardant effect of the 

chicken feathers on the developed composites was analysed. It was found that the addition of 

feathers decreased the density of materials, increased the limiting oxygen index and the 

maximum degradation rate of the resulting foams. 

1.1.4.2. Micro and nanoparticles from feather keratin 

Micro and nanoparticles made from organic and inorganic materials have been used in 

the food, agriculture, cosmetology, medicine and other areas. Dissolution and preparation of 

chicken feather particles present a high level of difficulty due to the high crosslinking by 

cysteine.75 

 Researchers adopted various approaches to prepare micro- and nanoparticles using 

feather keratin. Sun et al.81 developed chicken feather based particles for potential removal of 
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chromium Cr(VI) using waste chicken feathers dissolved and regenerated in an ionic liquid of 

1-butyl-3-methylimidazoliumchloride ([BMIM]Cl). The chicken feathers were solubilized in 

the ionic solution by heating, the particle formed being then added into chromium solution of 

a known concentration. The keratin particles regenerated from [BMIM]Cl showed an excellent 

efficiency (63.5–87.7%) for removing Cr(VI) ions in wastewater at the concentrations from 2 

to 80 ppm, while the Freundlich constant (kF) for the adsorption of Cr(VI) ions by the particles 

of the regenerated chicken feathers was four times higher than that of the raw chicken feather. 

Xu et al.82,83 report the development of water-stable nanoparticles from feather keratin having 

the biocompatibility and stability required for medical applications such as controlled drug 

release systems. They obtained nanoparticles with diameters ranging between 5 and 130 nm, 

the keratin particles being stable in water, without the need for any crosslinking or other 

chemical modification. 

 The keratin powder can be obtained by many techniques like sonication, spray drying, 

rotary blades and through milling (ball, jet), but all these techniques generate powders with 

high particle size and nonuniform shape. Rad et al.84 analysed the production of keratin nano-

powder through electro-spraying a solution of recovered feather keratin. Using this technique, 

the authors produced keratin nano-powder with spherical shape particles and uniform size with 

an average particle size as low as 53nm. 

Wang et al.85 investigated the development of feathers keratin nanoparticles for 

haemostatic applications. Firstly, they pre-treated the chicken feathers with sodium dodecyl 

sulfate (SDS) to remove dust and then with ethanol and hydrochloric acid solution to degrease 

and break the hydrogen bonds in the chicken feathers. Keratin was extracted from pre-treated 

feathers using a solution of SDS, urea and Tris base. The chicken feathers keratin nanoparticles 

were prepared via an ultrasonic dispersion method. The obtained keratin nanoparticles were 

tested on rats and the results demonstrated that this feather keratin nanoparticles could have 

potential applications in haemorrhages healing. 

1.1.4.3. Chicken feathers for thermoplastic resins and composites 

Considerable efforts are made to utilize biopolymers to develop consumer products, 

especially disposable thermoplastics and packaging materials.86 Poultry feathers have been 

used to develop thermoplastic films for food packaging and other applications. Since feathers 

are inherently non-thermoplastic and do not melt, several chemical modifications are done to 

make feathers thermoplastic. Chicken feathers were also used as reinforcement for bio-

composites development. 75 

Yin et al.45 reported the fabrication of porous keratinous films developed with keratin 

extracted from chicken feathers using the so-called Shindai method. To produce films, the 

aqueous dispersion of the reduced keratin was mixed with a certain amount of glycerol. Tensile 
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strength of the obtained films varied from 4.5 to 7.5 MPa and modulus from 11 to 28 MPa 

depending on the amount of glycerol.  Moreover, these films were pH responsive and showed 

controllable drug-release behaviour. Barone et al.87 developed an environmentally friendly 

process to obtain cohesive films with good physical properties. In this study, the keratin 

feathers were modified with glycerol, acting as plasticizer and introducing free volume into the 

polymer. Thereafter, the samples were sandwiched between aluminium foils and pressed into 

film. After processing a clear amorphous film resulted, which was capable of being stretched 

by over 100%. The developed keratin films could have potential applications for food 

packaging or mulching films. 

Soy protein isolate and hydrolysed keratin were used by Garrido et al.2 to develop 

thermoplastic films. Hydrolysed keratin has been used as additive in the film forming process 

to increase the sulfur content of soy protein materials, thus leading to the improvement of the 

physicochemical properties of the resulting films. The films were obtained by compression 

molding, applying a pressure of 12 MPa for 2 minutes at 150 °C. The obtained films could be 

used in food and pharmaceutical industry as active and biodegradable films. Sharma et al.46 

used keratin extracted from chicken feather waste to develop a bioplastic film which can be 

used in biomedical and pharmaceutical industries. To synthesize a bioplastic film, the authors 

used keratin powder, glycerol (3.5%) and microcrystalline cellulose (0.2%) in NaOH for 48h 

at 60 °C. The Young’s modulus and break elongation for resulted bioplastic film were about 

1.52 MPa and 16%, respectively, while the calculated thickness was ≈ 1.12 × 10-4 mm with a 

tensile strength of 3.62 MPa. 

 Song et al.88 developed chicken feather protein/gelatine composite films with clove 

oil which could be used in active packaging. To prepare composite films, a solution made of 

chicken feathers, distilled water, gelatine and sorbitol was mixed and then heated at 75 °C. At 

the end, after clove oil addition, the film-forming solution was poured onto a flat Teflon-coated 

glass plate and dried at 25 °C for 24 h. The addition of clove oil in chicken feather/gelatine 

composite films increases the elongation, water vapor permeability and water solubility of the 

materials but decreased the tensile strength. The moisture content of the films was not visibly 

affected, but it was observed that it increased as the amount of clove oil increased. The prepared 

films can be considered as potential active packaging material for smoked salmon. 

Ramakrishnan et al.89 studied the biodegradability and mechanical properties of films made 

from chicken feathers keratin and glycerol. As proved by SEM results, a good connection was 

observed between the components, the surface of the film appeared homogeneous, without 

holes or cavities. It has also found that increasing glycerol concentration produce a decrease in 

maximum tensile strength of films. The optimal thermomechanical properties were obtained in 
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keratin with 2% glycerol. Biodegradability tests showed that polymer films were completely 

degraded within 10 hours. 

 Das et al.90 used the chicken feather proteins (CFP) and pomelo peel pectins (PPP) in 

the development of composite films. By increasing the pomelo peel pectins quantity was 

obtained a significant decrease to the water vapor permeability and moisture absorption, but 

also decreased the water solubility of the keratin/pectin-based films. The film prepared with 

25:75 of CFP and PPP presented the adequate properties in order to be used for wrapping of 

fried fish fillets. The weight loss, hardness and microbial count of the unwrapped and wrapped 

fish samples were observed for a period of 5 days at every 24h. Wrapping of fried fish with 

chicken feather keratin and pomelo peel pectin based films reduces the weight loss by 3%, the 

hardness by 11% and microbial count was considerable reduce compared to unwrapped fried 

fish. Reddy et al.91,92  demonstrated that a simple alkaline hydrolysis of feather makes the 

feathers thermoplastic and suitable to develop films by compression molding. The chicken 

feathers were hydrolysed using various concentrations of alkali (0.05 to 0.75 wt.% NaOH) at 

50 °C for 1 hour. Then the hydrolysed feathers were mixed with glycerol as plasticizer and 

crosslinked with citric acid to improve their water stability. The authors show that this method 

allows to develop inexpensive and biodegradable thermoplastics from inexpensive, renewable 

and sustainable poultry feathers.  

Shi et al.93 developed thermoplastics from chicken feathers by grafting them with 

different methacrylates (methyl, ethyl, butyl, and hexyl methacrylates), and the effects of graft 

polymerization conditions such as monomer concentrations, temperature, and time of reaction, 

were investigated. The samples were obtained by compression molding for 10 min at 180‒200 

°C. By addition of homopolymer, films with a better elongation, water stability and strength 

were obtained. It was found that the grafted feathers films present a lower strength but higher 

elongation with increasing the alkyl chain lengths. The developed films have good dry and wet 

tensile properties and are stable at high humidity. Jin et al.94 developed inexpensive and 

biodegradable thermoplastics through graft polymerization of chicken feathers with methyl 

acrylate as a potential substitute for petroleum products. Patnam et al.95 reported an efficient 

method for graft polymerization of chicken feathers with different vinyl monomers such as 

glycidyl methacrylate (GMA), styrene (S), and methyl methacrylate (MMA) without using any 

catalyst or initiator. The chicken feathers powder was mixed with water, sodium dodecyl 

sulphate and vinyl monomer at 70 °C, pH 2 and continuous flushing of nitrogen for 2 h. The 

obtained polymer particles were washed, dried, and then extracted with acetone in a Soxhlet 

installation in order to remove the homopolymers and unreacted monomers from the grafted 

polymers. The developed method has shown a good potential for using poultry feathers to 

produce thermoplastic materials for different industrial uses. 
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 Similar to grafting, acetylation and etherification were found to make feathers 

thermoplastic and suitable to develop various products. Reddy et al.86 showed that 

etherification using acrylonitrile (cyanoethylation) is a viable approach to develop 

thermoplastic films from chicken feathers by compression molding. Films with a strength 

ranging from 1.6 to 4.2 MPa and elongation at break about 5.8‒14% depending on the extent 

of cyanoethylation were obtained.  In another study,96 acetylated and cyanoethylated chicken 

feathers were used to develop transparent thermoplastic films by compression molding. The 

obtained films showed good thermoplasticity being suitable for the development of 

inexpensive, biodegradable and environmentally friendly thermoplastic materials. Ullah et al.73 

investigated the effect of four different plasticizers such as ethylene glycol, propylene glycol, 

glycerol, and diethyl tartrate, on the thermoplastic properties of quill-based plastics. Blends of 

ground quill were prepared by mixing the feathers with the plasticizer and sodium sulfite. 

Sodium sulfite treatment was used as reducing agent. Extrusion was undertaken at temperatures 

of 90‒120 °C and a screw speed of 50 rpm, then the films were prepared by compression 

molding. The authors noticed that all added plasticizers were able to reduce the melting 

temperature and the glass transition temperature of the materials, but the best mechanical 

properties, processability, transparency and flowability were obtained for the materials 

developed with ethylene glycol. 

Flores-Hernández et al.97 evaluated the performance as reinforcement of fibrillar 

keratin fiber over a biopolymeric matrix composed polysaccharides. Three kinds of keratin 

reinforcement such as short fibers, long fibers and rachis particles were used in composites 

development. The keratin fibers were added separately at 5, 10, 15 and 20 wt.% to the chitosan-

starch matrix and the mixtures were poured into glass plates. The films were obtained after 

evaporation of the solvents. The thermal results indicate that the addition of keratin enhanced 

the thermal stability of the composites compared to that of neat matrix. The storage modulus 

of all composites was significantly higher than that of chitosan-starch matrix as result of keratin 

reinforcement. Also, the SEM micrographs indicated a uniform dispersion of keratin in the 

chitosan-starch matrix, result of good compatibility between these biopolymers. The obtained 

results demonstrate that chicken feathers can be useful to obtain novel keratin reinforcements 

and to develop new green composites. Barone et al.98 prepared polyethylene-based composites 

using keratin feather fiber. Grounded keratin feathers were mixed with high-density 

polyethylene (HDPE) at 20 wt.%. The effects of compounding and molding process on the 

keratin-based composites properties were studied by tensile testing and scanning electron 

microscopy. It was found that the addition of keratin wool fibers increased the stiffness but 

decreases the tensile stress of the composites. 
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Martínez-Hernández et al.3 used keratin fibers from chicken feathers as short-fiber 

reinforcement for poly(methyl methacrylate) (PMMA) matrix. The physico-chemical and 

mechanical properties of the composites were characterized using different techniques. The 

thermal stability and transition temperature were found to be higher than standard PMMA. The 

storage modulus at room temperature increased for the composites reinforced with 1‒2 wt.% 

keratin bio-fibers. Cheng et al.99 investigated the feasibility of using chicken feather fibers as 

reinforcement for poly(lactic acid) (PLA) composites. The samples were prepared by extrusion 

and injection molding methods. The mechanical and thermal properties of the composites were 

analysed, the best results being obtained by the composites reinforced with 5 wt.% of chicken 

feather fibers. The authors observed that chicken feather fibers/PLA composites have the 

required thermo-mechanical properties for applications that do not require high load-bearing 

capability. Fully biodegradable bio-composite based on chicken feathers were developed also 

by Aranberri et al.100 A torque rheometer was used to produced composites based on PLA, 

polybutyrate adipate terephthalate (PBAT) and a PLA/thermoplastic copolymer blend with 

high loadings of chicken feather fibers (50 and 60 wt.%). It was found that the formed 

composites have a low density, increased water adsorption and thermal insulating properties, 

while the thermal stability, tensile strength and elongation-at-break were negatively affected 

comparing with the neat resins. On the other hand, Cañavate et al.101 developed 

environmentally friendly PLA/poultry feather keratin bio-composites materials, and the effect 

of manufacturing conditions on the final properties of the composite and on the matrix–fiber 

compatibility was studied. They observed that the elastic modulus of PLA is not affected by 

the feather content, while the addition of 25% chicken feathers decreased the tensile strength 

by 58% and the elongation at break by 12%. However, the obtained chicken feathers/PLA 

composites present better tensile properties than medium-density fiberboards and organic 

resin-bonded particleboards. 

Yang and Reddy102 reinforced the high-density polyethylene from plastic bags with 

chicken feathers to develop composites in an effort to reduce the amount of the plastics and 

feathers disposed in landfills. They created a sandwich structure with layers of plastic bags and 

feathers. Proportion (w/w) of the feathers to plastic was varied from 40/60 to 70/30. 

Incorporating feathers as reinforcement for HDPE provided much higher flexural strength, 

tensile modulus and sound absorption than 100% HDPE. Supri et al.103 studied the effects of 

ε-caprolactam on morphology, thermal degradation and tensile test of composites made from 

chicken feather fibers and recycled high-density polyethylene (r-HDPE). They realized 

composites with ε-caprolactam and without ε-caprolactam to compare them. Following the 

tests, it was observed that composites with ε-caprolactam present a higher tensile strength and 

modulus of elasticity compared with the composites without ε-caprolactam, but instead, 
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presents a lower mass swell percentage and elongation at break. It was also found that the 

chicken feather fibers were better dispersed, and the thermal stability was better in composites 

with ε-caprolactam. 

In order to replace non-renewable composite materials, Huda and Yang104 proposed to 

develop composites from ground chicken quill and polypropylene. They investigated the 

mechanical and acoustical properties of this kind of composites and compared them with jute-

polypropylene composites, concluding that the ground quill composites can be ideal candidates 

for acoustic panels or headliner substrates. Reddy and Yang105 demonstrated that the 

composites reinforced with whole chicken feathers have better flexural, tensile and acoustic 

properties than the composites made from processed feathers. Pourjavaheri et al.106 developed 

bio-composite materials from chicken feathers waste and thermoplastic polyurethanes via 

solvent-casting-evaporation method. Different amounts of thermoplastic polyether–

polyurethane (TPU-polyether) and chicken feathers were mixed with 100 ml tetrahydrofuran 

(THF), then the mixture was left overnight to evaporate the solvent. The obtained films were 

sandwiched between two polytetrafluoroethylene sheets for compression molding/thermal 

pressing at 175 °C. Following the tests, it was found that the reinforcement of the polymer 

matrix with chicken feathers led to the improvement of the modulus of elasticity, storage 

modulus and thermal stability, but the glass transition temperature, recovery strain and mass 

loss of the composites decreased. 

The association between feathers keratin and poly (urea-urethane)s (TPUU) was 

investigated by Aranberri et al.107. The authors compared two analogous thermoplastic 

poly(urea-urethane) elastomers with two aromatic diamine chain extenders like bis(4-

aminophenyl) disulfide (TPUU-SS) and the sulfur-free counterpart bis(4-aminophenyl) 

methane (TPUU). Bio-composites with high content of chicken feathers (40‒75 wt.%) were 

developed in a torque rheometer and hot compression. Properties such as density, water 

absorption and relative thickness swelling were similar to both types of bio-composites. The 

TPUU-SS systems displayed the best interphase adhesion, consequently causing the 

improvement in mechanical properties, the tensile strength of 50/50 wt.% TPUU/feather fibers 

composite being up to 7.5‒fold higher compared to neat polymer. 

1.1.4.4. Chicken feathers with elastomer and thermosets 

The thermoset materials are characterized by the fact that they irreversibly lead to a 

solid material during the curing step. Typical examples for thermosets resins are represented 

by phenolic and urea formaldehyde resins, unsaturated polyesters, and epoxy resins.108 Due to 

proper physico-chemical and mechanical properties, the thermosetting resins present a real 

interest in their use as polymeric matrices for bio-composites development with keratin fibers. 
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Uzun et al.109 manufactured vinylester and polyester thermoset composites reinforced 

with chicken feathers quill and fiber at different loadings (0%, 2.5%, 6% and 10%) using hand 

lay-up method. The matrix materials were prepared in a ratio of 73% of resin matrix and 23% 

of hardener by volume and then, the fibers were spread into mold and covered with the matrix. 

The mechanical properties of the composites were analysed and compared with that obtained 

for the neat resins. It was found that the impact properties of the composites were significantly 

improved due to feather addition, but their flexural properties decreased compared to the neat 

resins. Hong and Wool110 developed a novel bio-based composite material from soybean oils 

and keratin feather fibers. They used acrylated epoxidized soybean oil and soybean oil 

pentaerythritol glyceride maleates as liquid molding resins and two different types of non-

woven keratin fiber mats. The physico-chemical and mechanical properties of the developed 

composites were investigated obtaining good performances. Alagarsamy et al.111 obtained new 

composites materials using coconut coir fiber and chicken feathers as reinforcement for 

polyester resins. The composites samples were fabricated using the hand lay-up method. Zhan 

et al.112 manufactured composites with epoxy resin, chicken feather fibers and glass fibers for 

potential applications, such as printed circuit boards. 

Bassa et al.20 evaluated the potential applications of chicken feathers as reinforcement 

for thermosetting materials. Chicken feathers were impregnated with a green epoxy resin, the 

materials being produced by compression molding process, using 2 tons’ pressure at 120 °C 

for 6 min. The thermal and acoustic tests performed on the composite material samples showed 

that increasing the chicken feather fibers ratio, the thermal resistance increased and the noise 

decreased, making them potential materials for automotive and building applications. 

Extensive work was done by Senoz et al.113 by incorporating pyrolyzed chicken feather 

fibers in acrylated epoxidized soybean oil and methacrylated lauric acid-based thermosetting 

resin to provide reinforcement in low density and rubbery polymer applications. The 

mechanical properties of the polymer composite, such as storage modulus, tensile modulus, 

tensile strength, and fracture energy were directly proportional to the fiber content. Varying the 

fiber content up to 32 wt.% a wide tuning of mechanical properties was obtained i.e. 20–300 

MPa storage modulus and 10–150 MPa range at room temperature. The reinforcement with 

pyrolyzed or untreated chicken feather fibers did not gave differences in the degree of 

reinforcement to the composites. Addition of pyrolyzed feathers significantly increased the 

tensile properties and facilitate using liquid molding techniques for composite fabrication 

without causing any degradation of the feathers. Winandy et al.114 made medium density 

fibreboard (MDF) panels with aspen fiber and chicken feather fiber (0‒95%) using phenol 

formaldehyde resin (5%) as adhesive. The panels were made with a phenol formaldehyde resin 

which was applied to the wood fiber, chicken feather fiber, or to the combined MDF-chicken 
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feather fiber furnish in a rotating drum blender. Following mechanical and physical tests, the 

addition of feather fibers decreased the strength and stiffness but showed a significant 

improvement in the resistance to water-soak absorption of MDF-CFF composites compared 

with that of wood control panels. 

Consequently, chicken feathers fibers are a major waste, generated in large quantities 

annually and which has a huge influence on environmental pollution. The production and 

consumption of chicken meat is in a constantly increasing, leading to the increase of the amount 

of feather waste and consequently to the increase of the pollution. The interest of researchers 

in the valorisation of chicken feathers increased considerably in the last years. Feathers, being 

composed from 91% keratin, represent a valuable waste with countless potential applications 

in cosmetics, tisular engineering, controlled drug release, biotechnology, thermoplastic, 

packaging, composites for different sectors of industry (construction, automobile, etc.), 

biofertilizers and coatings.  Although the number of researches on the valorisation of this waste 

has increased, industrial valorisation is not yet sufficiently developed. 

1.2. Humins - valuable side-product of biorefineries   

One of the most used invention created by man which led to a significant evolution of 

the society is represented by the plastics or synthetic organic materials. The way in which the 

humanity managed this invention and transformed it into a single-use and disposable 

convenience, led to the transformation of this innovation into a factor of the environment 

imbalance and polution.115  

Humanity's first encounter with polymeric materials took place in 1600 BC when the 

ancient mesoamerican peoples harvested latex from Castilla elastica, processed it using liquid 

extracted from Ipomoea alba using the resulted material to develop rubber balls, hollow rubber 

figurines or other rubber artefacts.116 Although in 1839 Goodyear invented vulcanized rubber, 

and Eduard Simon discovered polystyrene,117 the first synthetic polymer, such as bakelite, 

appeared in 1907 in Belgium.118 The large-scale production and use of plastics dates back to 

1950, and until now about 6.3 billion tons of plastic have been produced worldwide, of which 

9% were recycled, 12% were incinerated and 79% were accumulated in landfills or the natural 

environment, leading to a pollution expansion.119
 To combat this global pollution problem, 

intense research has been drawn to use the renewable resources to replace the fossil derivatives. 

The actual challenge is to find effective ways of converting the bioresources into fuels and 

chemicals and to develop new innovative green and environmentally friendly products. 
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1.2.1. Biorefinery - the key concept of a renewable industry 

The continuous population growth, but especially of its needs, has led to an increased 

focus on the conservation and management of resources used in industrial production. A future-

oriented approach can be represented by the conversion of the global economy into a 

sustainable economy in which the bioenergy, biofuels, and bio-based products are the main 

components. Applying and growing the sustainable economy requires reliable and sustainable 

resources for industrial production but is already know that the fossil resources are not 

considered sustainable, and their availability is more than questionable in the long term. 

Therefore, the need to establish solutions that reduce the consumption of non-renewable fossil 

products and the increasing concern for the environment, have led to the production of 

chemicals on the platform via biochemical processes using renewable biomass sources.120 

The biorefinery concept represents the industry solution of creating a wide range of 

products from renewable resources, while the biomass term refers to the renewable organic 

matters, such as agricultural crops, trees, algae and various residues or waste.121 Based on 

feedstock type used to produce biofuels and bio-based products, biorefineries are divided into 

three different generations such as: i) first-generation biorefineries which use traditional forms 

of agriculture biomass (e.g. corn, sugarcane, maize, soybean, etc.), ii) second-generation 

biorefineries which use lignocellulosic biomass, and iii) third-generation biorefineries which 

use agricultural residues, forestry, petroleum and urban waste, or microalgae as biomass.121–123  

Lignocellulose is one of the most abundant sources of biomass, their availability being 

unaffected by land use. This biomass is generally found in structural material of the plant cells 

wall. Lignocellulosic biomass is constituted of three major components such as 40-50% 

cellulose, 25-30% hemicellulose and 15-20% lignin.124 The structure and the quantity of this 

three components vary according to species, tissues and maturity of the plant cell wall. The 

major constituent of lignocellulosic biomass is the cellulose (C6H10O6)n, a β-1-4-glucan that is 

a linear syndiotactic polymer. Its structure consists of extensive intramolecular and 

intermolecular hydrogen bonding networks, which tightly binds the glucose units. These 

hydrogen bonding determines ‘straightness’ of the chain but interchain hydrogen bonding 

introduce the crystalline character into the cellulose structure. The degree of polymerization of 

cellulose chains in nature ranges from 10,000 glucopyranose units in wood to 15,000 in native 

cotton.125 The cellulosic chains are grouped into microfibrils, which are also grouped in 

cellulose fibers. The second most abundant polymer in lignocellulosic biomass is represented 

by hemicellulose. Hemicellulose (C5H8O5)n is a branched polymer consisting of a mixture of 

different carbon monosaccharide units such as pentoses (xylose, arabinose), hexoses (mannose, 

glucose, galactose) and acetylated sugars. This polymer has a random and amorphous structure 

and is found between the cellulose microfibrils and lignin giving cohesion to the whole 



 

 

 

21 Industrial by-products from food industry and biorefinery as potential renewable raw materials- State of the art 

 

cellulose–hemicellulose–lignin network.126 Hemicelluloses differ in composition in function 

of the nature of feedstock. Hemicelluloses in agricultural biomass like straw and grasses or 

hardwood hemicelluloses are composed mainly of xylans while softwood hemicelluloses 

contain mostly glucomannans.127 The third constituent of lignocellulosic biomass, the lignin 

(C9H10O2(OCH3)n), is a three-dimensional amorphous phenolic polymer whose structure is 

formed by three phenylpropanes building blocks such as p-coumaryl alcohol, coniferyl alcohol, 

and sinapyl alcohol.128 Its functions as cellular glue provides overall rigidity to the structure of 

plants and trees and resistance against insects and pathogens. Generally, softwoods contain 

more lignin than the hardwoods, and lignin from softwoods contain mainly coniferyl alcohol, 

while those from hardwoods and grass contain mainly coniferyl and sinapyl alcohols.127 

Valorisation of lignocellulosic biomass in fuels and valuable chemicals in an 

economical, ethical and ecological way, represent the main purpose of the biorefinery concept. 

Transforming biomass raw materials into valuable products within a biorefining process 

requires several technological treatments such as thermochemical, biochemical, 

mechanical/physical and chemical processes.129 Thermochemical process is divided in two 

different pathways such as gasification and pyrolysis, and is used for converting biomass into 

energy and chemical products. Biochemical processes occur at lower temperatures with low 

reaction rates the most common being the fermentation and anaerobic digestion. In the 

mechanical processes the state or composition of the biomass is not changed, but only a 

reduction in size or a separation of the components of the raw material takes place, while the 

chemical processes change the structure of the molecules by reacting them with other 

substances. The most common chemical processes in biomass conversion are hydrolysis and 

transesterification.129 Lignocellulosic biomass is generally resistant to hydrolysis in water due 

to the presence of cellulose as main component, thus its hydrolysis require the use of strong 

liquid acids as catalysts. During acid-catalysed hydrolysis process the cellulose is 

depolymerized forming glucose, this one being then converted into value added chemical 

building blocks, namely, 5-hydroxymethyl furfural (HMF), furfural (FF), and levulinic acid 

(LA). Besides obtaining these valuable chemical building blocks, the acid-catalysed hydrolysis 

of sugars provoke the formation of a dark-coloured insoluble polymeric side-product called 

“humins”.130–132 The yield of humins is influenced by various process parameters such as the 

type of substrate, time, temperature, and type of acid catalyst.133,134 Although considerable 

efforts have been made to suppress the formation of humins, the yield of this side-product is 

still about 14–30 wt.%, representing a major fraction during sugar conversion.134,135 Despite 

intense investigations the understanding of the pathway for the humins formation is weak, and 

its chemical structure has not yet been accurately determined.136–138 Generally, humins are 

described as heterogenous macromolecules, composed from polycondensed furanic  structures 
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(≈ 60%) with aliphatic linkers (≈ 20%).133 The elemental composition of humins prepared by 

the acid-catalysed dehydration of sugars was reported to be about 50‒66 wt.% C, 29‒46 wt.% 

O, the rest being H.139–141 To improve the economic feasibility of biorefineries, humins require 

intense investigations for the development of new valorisation routes. 

1.2.2. Valorisation routes of humins by-products 

Currently, the commercial valorisation of the humins takes place in biorefineries where 

this by-product is burnt being used for its heating qualities similar to coal-like fuel.120 Another 

possible valorisation routes is represented by the production of syngas and higher value 

chemicals via gasification and pyrolysis of humins products. In order to obtain syngas, Hoang 

et al.134 studied the gasification and steam reforming of the humins over a variety of alkali- and 

alkaline-earth based catalysts, obtaining a complete conversion of the by-product and a yield 

of H2 of approximately 82%. Rasrendra et al.135 developed laboratory made humins by acid-

catalysed dehydration of D-glucose and D-fructose in aqueous systems. The obtained humins 

samples were fast pyrolyzed using GC–MS pyrolysis (300–600 °C, 10 s, He atmosphere) and 

micro-pyrolysis (500 °C, 12 s, N2 atmosphere). It was found that the major components in the 

liquid pyrolysates are low molecular weight furanics such as furfural and 2,5-dimethylfuran, 

the product thus having potential as biofuel, while the isolated individual components can serve 

as building blocks for renewable polymers. 

Humins were also used in the preparation of porous carbon materials with variable 

industrial applications such as substrates for plant growth, absorbents for wastewater treatment, 

insulation materials, support for solid catalysts, etc.142–148 For example, Tosi et al.144 developed 

new rigid microporous foams by auto-crosslinking of industrial humins. The rigid foams were 

obtained through an usual heating process without a prior treatment, resulting foams with a 

high control of the morphology, porosity and carbon content. Recently, humins revealed also 

a real interest in the development of polymeric resins and composites, being still in the incipient 

phase of research.115,149–151 Pin et al.149 combined large amounts of industrial humins with 

polyfurfuryl alcohol to develop new fully bio-based thermoset resins via acid-induced 

polymerizations. Then, the furanic resins were used as matrix for the development of 

composites in which the cellulose filter papers acted as reinforcement. The 

PFA/humins/cellulose composite properties were analysed and compared with those of neat 

PFA and PFA/lignin/cellulose composites. Furthermore, Licsandru et al.151 has copolymerized 

an industrial by-product such as humins, with a vegetable resource comonomer such as 

epoxidized linseed oil (ELO), in order to develop new bio-resins. Following the analyses, it 

was observed that the mechanical properties of the bio-based materials vary depending on the 

amount of humins, making them a feasible candidate for a wide range of industrial applications. 
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1.3. Scope and outline of the thesis 

The main objective of this thesis is to investigate and explore possible routes for the 

valorisation of the two industrial by-products such as humins and chicken feathers. 

This manuscript is organized as follows: 

The Chapter 1 introduces the thesis context, the problematic and the presentation of 

materials used for valorisation in this thesis work.  

The Chapter 2 focus on the study of new polymeric materials based on humins 

copolymerization. The investigation of the humins-based copolymers structure, behaviour but 

also of the properties of the materials were performed via different characterization techniques. 

The development of polyfuranic materials based on humins, with modulable properties having 

from a rigid to an elastomeric character was demonstrated. 

In Chapter 3 the humins-based resins previously developed were studied as polymeric 

matrices for the design of new green bio-composites. The humins-based bio-composites were 

manufactured using as reinforcing material different side-products such as chicken feathers and 

lignin. In the first part of the study, the influence of the filler on the matrix’ crosslinking 

reaction was investigated, then the physico-chemical and mechanical properties of the cured 

humins-based composites were analysed. 

Chapter 4 presents the investigation of the development of environmentally friendly 

bio-based materials by copolymerization of humins with phloroglucinol triglycidyl ether, a 

green epoxy monomer. The obtained materials with a high bio-based carbon content (BCC) 

about 94% were characterized by thermomechanical analysis and solvents stability. 

The Chapter 5 presents of using the humins as raw material together with various 

environmentally friendly epoxy compounds to design recyclable thermoset resins with various 

properties. The humins/epoxy-based resins are then used as matrices to produce bio-

composites, using untreated chicken feathers and vegetable fibers (flax and jute) non-woven as 

reinforcement. The characterizations on the properties of the bio-composites and of the thermo-

mechanically recycled materials are presented.  

Chapter 6 describes the study the copolymerization of resorcinol diglycidyl ether, an 

aromatic epoxy compound derived from wood biomass. The obtained resins were combined 

with chicken feathers and lignin. The copolymerization reactions were studied together with 

the properties of the final materials. The results shown that both keratin and lignin play a dual 

role, acting as co-reactant and reinforcing materials.  

Finally, some general conclusions and perspectives are proposed. 
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Abstract 

 

 

Biorefinery by-products have received much attention in the last few years. Humins 

are one of these candidates. Nevertheless, one common feature of humins, as a polyfuranic 

thermoset material, is their inherent brittleness which is a direct consequence of the network’s 

structure. Auto-crosslinked humins networks exhibit only minor deformation and break very 

easily. Consequently, this behavior limits their use in many industrial applications. For this 

reason, we used in this work the copolymerization strategy, by combining humins with epoxide 

based aliphatic ethers, as a toughening approach. To gain a fundamental understanding of the 

humins based copolymers we thoroughly investigated their structure, behavior and properties 

by FT-IR, rheology, DSC, TGA, DMA and tensile tests. These investigations show one of the 

most important results: the humins copolymers have a ductile and elastomeric character. The 

tensile strain at break of the copolymers reaches ≈ 60% which is a significant advantage in 

terms of applications of humins as structural materials. To our knowledge, these are the first 

data reported on the synthesis of elastomeric humins based copolymers paving the way for the 

utilization of these emergent materials in industrial applications. 
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2.1. Introduction 

In the last few years, particular attention has been paid to the use of renewable 

resources in order to replace fossil derivatives, which increasingly affect the environment. A 

continuous challenge for the researchers is to find effective ways of conversion of abundant or 

cheap bioresources into fuels, chemicals or materials. Lignocellulosic biomass is a renewable 

resource composed mainly of three principal constituents e.g. lignin, cellulose, and 

hemicellulose, each of them having different compositions and reactivities. Lignin is an 

amorphous, branched polymer of aromatic alcohols while cellulose and hemicelluloses are 

polysaccharides consisting of hexoses and pentoses.� Generally, �
–
�% from lignocellulosic 

biomass is represented by cellulose, ��–�
% by hemicellulose, and ��–�
% by lignins and the 

remaining fraction is composed of oils, ash and proteins.� 

Under acid-catalyzed hydrolysis, the cellulosic biomass can be converted into various 

platform molecules such as 
-hydroxymethylfurfural (HMF), levulinic acid or formic acid in 

biorefineries but the processing is sometimes accompanied by the formation of a dark-colored 

by-product.�,� It has been revealed that this by-product, called humins, is formed more rapidly 

from fructose than from glucose.
 The formation of this by-product has been reported in almost 

all the papers linked to the synthesis of levulinic acid, HMF or furfural. The yield of humins 

depends much on process parameters (catalysts, temperature, duration, etc.).� Although many 

efforts have been focused on reducing the amount of this side-product from biorefineries, the 

yield of humins still remains high, between �� and �� wt.%.!," Considering these factors, the 

valorization of humins is the optimal method for improving the economic value of a 

biorefinery chain, but above all, it is the best way to improve the environmental impact of the 

entire technological process. Another environmentally friendly process in which this side-

product is formed, is represented by the hydrothermal conversion of different biomass and 

derivatives.#–�� 

Since the #�’s, the production and the composition of the caramelization of sugars have 

been a subject of great interest to the scientists.��–�
 Caramel is produced by heating sucrose 

and, from the compositional point of view, appears as a mixture of humins and iso-saccharosan 

in various proportions.
,��,�! Despite numerous investigations regarding caramel formation, the 

compositions of caramel and humins are not yet fully understood.
 Following the 

investigations, humins have been found to consist of about 
�–�
% C, �#–��% O and �–
.
% 

H and contain in their structure aromatic rings, mostly of them furanics.
–! The structure of 

humins  is known to depend on the reaction time, temperature, feedstock and solvent (water 

and alcohol).��,�"–�� 
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Van Zandvoort et al.�" have analyzed in detail 

the formation, morphology and molecular structure 

of laboratory made humins samples, prepared from 

different feedstocks using various processing 

parameters (Figure �). Also, Hoang et al.��,�� have 

investigated the chemical structure of humins 

prepared in laboratory by dehydration of D-glucose 

in order to produce levulinic acid. Based on these 

studies, the authors revealed that humins present a 

variable furanic structure formed by a dehydration 

pathway and contain alcohol, acid, ketone, and 

aldehyde functional groups. In their study, Constant 

et al.�� have quantified and classified the ketone and 

aldehyde carbonyl functional groups contained in industrial humins and lignins by �#F NMR. 

Following these investigations, they found that the industrial humins contains �.� wt.% 

carbonyl functions. The abundance of such functional groups provides opportunities for the 

use of these humins by-products in various domains of applications.  

Recently, researchers started to explore possible routes to valorize this by-product 

derived from biomass conversion processes in order to turn them into high-value products. 

Kang et al.�� have completely degraded humins by alkaline-catalytic hydrothermal treatment 

followed by wet oxidation. By this technology, the authors managed to convert humins into 

acetic acid obtaining a yield of �
.�% and a purity of ��.�%. Hoang et al.� studied the 

gasification and steam reforming of the humins at !
� °C over a variety of alkali- and alkaline-

earth based catalysts in order to obtain syngas (a mixture of hydrogen and COx). The authors 

found that the Na�CO� was the most effective catalyst enabling complete conversion of humins 

("�% of H� yield). The liquefaction of humins has been reported by Rasrendra et al."  through 

fast pyrolysis resulting in low molecular furanics such as furfural and �,
 dimethylfuran. 

The potential of humins to generate materials has also been tested. Pin et al.�
 combined 

the furfuryl alcohol (FA) with humins to produce a fully bio-based furanic resin tested in the 

development of thermoset furanic composites where cellulose fibers act as reinforcement. An 

original way to valorize the humins was their transformation into polymeric foams with 

potential applications in substrates for plant growth, absorbents for wastewater treatment, 

insulation materials, support for solid catalysts, etc.��–�� In our previous studies��,�! we 

succeeded in developing macroporous foam materials based on an auto-crosslinking reaction 

of the industrial humins. By adjusting the parameters of the humins-foam preparation process, 

we achieved a good control of the morphology and cell dimensions. The obtained foams show 

Figure 1. Proposed molecular structure 

of a glucose-derived humins fragment 18 
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open and/or closed cells with cell diameters between �.� and �.
 mm making possible the use 

of these materials in different application sectors. Humins were used by Kang et al.�" in the 

production of activated carbons as sorbent for wastewater treatment. These activated carbons 

were developed through KOH activation in a temperature range of 
��–#�� °C to investigate 

the optimal adsorption of methylene blue (MB) and phenol in aqueous solutions. The authors 

obtained very good results; the methylene blue adsorption capacity was about ��% while the 

phenol adsorption was around �#.!%. These results show the capacity of humins to produce 

porous materials with potential use as membranes for water purification, for the building sector 

or for use in green houses. 

Following our previous work, the objective of this study is not only the valorization of 

industrial humins by-products obtained in biorefineries but also the development of emergent 

materials for different application sectors using non-toxic, low cost and environmentally 

friendly co-monomers. To do this, we had to decrease the inherent brittleness of the reticulated 

humins, as it limits their use in many industrial applications. Auto-crosslinked humins 

networks allow only minor deformation and break very easily. To toughen brittle polyfuranic 

humins resins the strategy used in this work was chemical modifications of their backbone 

structure. The idea was to include more flexible moieties by copolymerizing humins with more 

flexible chains such as aliphatic diglycidyl ethers. Moreover, this pathway will possibly also 

result in lowering the crosslinking density intrinsic to humins. To produce a toughened 

network there are some requirements. Firstly, good compatibility between the humins matrix 

and the diglycidyls must exist, meaning the tow components need to be totally miscible prior 

to curing. Subsequently, the humins should react with the diglycidyls in order to form chemical 

linkages between the modifier and the matrix.  

To chemically modify the humins backbone we chose to copolymerize it with two 

aliphatic diglycidyl ethers: the polyethylene glycol diglycidyl ether (PEGDE) and the glycerol-

�,�-diglycidyl ether (GDE). Polyethylene glycol (PEG) is a synthetic polyether which can be 

easily synthesized with a wide range of molecular weights. This polymer is soluble in water 

and also in many organic solvents.�� PEG has been found to be nontoxic and is approved by 

the U.S. Food and Drug Administration; therefore it is used in many different applications 

such as biomedical research, drug deliveries, tissue engineering scaffolds, surface 

functionalization, etc.��–�� For example, Kono�
 crosslinked a carboxymethyl cellulose sodium 

salt with PEGDE obtaining new hydrogels which could be used as carriers of drug delivery 

systems for protein-based drugs.  

Glycerol, a by-product obtained by biodiesel refining, can be used as a monomer in the 

synthesis of polymers and materials in its original form or after chemical modifications.�� Zhao 

et al.�! developed a biodegradable microgel system based on glycerol-�,�-diglycidyl ether 
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crosslinked with oxidized potato starch for controlled uptake and release of proteins. In another 

study, ur Rehman et al.�" reported the preparation of a new microgel from tris(�-

aminoethyl)amine and glycerol diglycidyl ether by using L-α lecithin as a surfactant and 

gasoline as the organic phase. The prepared microgels were found to be biocompatible against 

L#�# Fibroblast cells, showing antibacterial characteristics against common bacteria and 

possessing great potential in the biomedical fields. 

In consequence, the two chosen chemical modifiers for the humins structure, the 

PEGDE and GDE, are non-toxic, have biomedical applications, and have good potential to 

produce materials by crosslinking in copolymerization with targeted structures. Together with 

their low viscosity and relatively low molar mass, they were ideal candidates for humins 

modification. The reactivity study of these novel formulations was realized by differential 

scanning calorimetry (DSC), chemo-rheology and in situ Fourier Transform Infrared 

Spectroscopy (FTIR). The physical and thermo-mechanical properties of the obtained 

thermoset materials were analyzed by thermogravimetric analysis (TGA), dynamic mechanical 

analysis (DMA), Shore hardness test and tensile tests. 

2.2. Results and Discussion 

A first series of studies were carried out to determine the optimal formulations for the 

development of humins based thermosets by its copolymerization with the PEGDE and GDE 

in the presence of BDMA as the initiator. The formulations were analyzed using differential 

scanning calorimetry (DSC), rheology analysis and FTIR to determine the temperature range 

and the reactivity of the mixtures. We studied at the beginning eight formulations by increasing 

from �� to 
�% the weight ratio of each comonomer in the humins mix in order to determine 

the optimum amounts of compounds required for the development of each system 

humins/PEGDE and humins/GDE. Thereafter, we complexified the system by combining the 

humins with both GDE and PEGDE. Again, these formulations were analyzed, and the optimal 

formulations retained. So, in total, we decided to select three formulations: humins/PEGDE, 

humins/GDE, and humins/PEGDE/GDE. 

2.2.1. DSC studies of reactivity 

Humins are materials with peculiar compositions and reactivities. To gain insights into 

their reactivity with the selected diglycidyl structures, dynamic DSC was conducted during 

thermally induced crosslinking via copolymerization. To select the optimum ratios of 

humins/PEGDE and humins/GDE copolymerization mixtures the reactivity between the 

humins and the comonomers without an initiator was analysed first by DSC. The collected 
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results are gathered in Figure �. As can be seen from the DSC analysis, the curing mixtures 

with low PEGDE content (��% and �� wt.%) have a complex and wide temperature interval 

of reactivity, ranging between ��
 °C and ��� °C. On increasing the PEGDE content (��% and 


� wt.%), an evident double reaction can be observed, with the first exotherm taking place 

between ��� °C and �"� °C followed by a second one between �#� °C and �
� °C.  

With the increase in the amount of PEGDE, a decrease in the enthalpy of reaction can 

be observed which could be a sign that the PEGDE interrupts the auto-crosslinking of humins 

and that the copolymerization needs the activation by an initiator. In case of humins/GDE 

mixtures, the double reaction peak is no longer observed, there being present a single, long 

temperature range, reaction. 

Regardless of the amount of GDE, the maximum reactivity of the mixtures is observed 

around a temperature of ��� °C, the temperature range of reactivity ranging between ��� °C 

and ��� °C. With the increase in amount of GDE, the total heat release of reaction rises from 

≈ ��� J g-� to ≈ ��� J g-�, except for the mixture with 
�% comonomer, where the enthalpy of 

the reaction decreased considerably. 

Following this study, these formulations were developed and cured in an oven to 

analyze if the amounts of compounds influence the physicochemical and mechanical 

properties of the materials. Practically, the thermosets obtained with less than �� wt.% PEGDE 

or GDE were rigid, brittle and thermally unstable, starting to foam at ��� °C, while the 

materials obtained with more than �� wt.% PEGDE or GDE were elastic and thermally stable 

when heated for curing at �
� °C. Then, the resins with 
� wt.% comonomers ratios were not 

selected because the aim of the study is valorization of the industrial humins by-product which 

should be the major part of the formulations composition. Following these rationales, the 

Figure 2. DSC analysis of curing mixtures without an initiator at 10 °C min–�
 between (a) humins and 

different amounts of PEGDE; and (b) humins and different amounts of GDE 
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optimal amount of comonomers was 

determined to �� wt.%. Therefore, three 

formulations were selected: HP��B
, 

HG��B
 and the combination 

HP��G��B
. 

To analyze properly the 

copolymerization reactions between 

humins and PGDE or GDE, the 

reactivity of selected formulations in 

the presence of BDMA (
 wt.%) as the 

initiator was studied. Normalized 

dynamic DSC thermograms of humins-

based resins polymerizations are shown 

in Figure � and data summarized in Table �.  

When BDMA is used as initiator a strong decrease in the starting reactions temperature 

occurs, whatever the type of the diglycidyl type comonomer. If the systems without an initiator 

start to react at temperatures superior to ≈ ��� °C, the presence of BDMA allow reactions to 

start at around �� °C. Then, the reactivities remain complex, with overlapped thermal events 

translating the multiple reactions that could occur between the functional groups present in 

humins and the diglycidyls. The three thermograms follow the same trend, with a first small 

exotherm with a peak at ≈ "�–��� °C followed by the main exotherm of the reaction with the 

maximum at �
�–��� °C. At around ��� °C the DSC heat flows return to a quasi-linear 

response which represents the completion of curing. 

The areas under the exothermal peaks were integrated to obtain the heat of 

copolymerization. The greatest reaction enthalpy from these three formulations is given by the 

mixture in which it has been used GDE and it is around ��� J g–�. Secondary DSC scans to �
� 

°C reveal that no residual reactions occur.  

Table 1. DSC analysis of humins/PEGDE, humins/GDE and humins/(PEGDE + GDE) 

copolymerization initiated by BDMA 

 HP40B5 HP20G20B5 HG40B5 

Tpeak (°C) 

(reaction interval) 

164 ± 1 

(42–215) 

157 ± 1 

(40–230) 

149 ± 1 

(38–228) 

ΔrH (J g–�) 212 ± 4 319 ± 4 333 ± 4 

 

As presented in Scheme � the copolymerization reactions of the humins with the 

diglycidyls could occur via an anionic mechanism. The first step is the initiation reaction with 

Figure 3. Comparison between humins 

copolymerization reactions by dynamic DSC at  

10 °C min-� 
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the participation of the tertiary amine to the ring opening of epoxy groups and formation of the 

zwitterions and then of the alkoxides which are the active species in anionic propagation 

reactions. We can suppose that this reaction of initiation appears in the three DSC thermograms 

as the small exotherms in the "�–��� °C temperature range. Then, once the alkoxides are 

formed, the propagation reactions occur faster, with a high enthalpy of reaction. The 

propagation reactions of humins-diglycidyls copolymerization are the main exothermic 

phenomena appearing in the DSC thermograms (Figure �) in the ≈ ���–��� °C interval. By 

comparing the reactions of humins with PEGDE and GDE, it is found that the 

copolymerization with the glycerol diglycidyl ether is more exothermic, with a higher reaction 

rate as shown by the higher slope of the peak. This higher reactivity could be explained by the 

presence of -OH in the GDE structure. The hydroxyl group of GDE could have a dual 

contribution: (i) via the interaction with the -COOH functions of the humins, and/or (ii) via the 

formation of ternary systems in the initiation steps. GDE’s contribution also appears in terms 

of enthalpy and reaction rate in the HP��G��B
 copolymerization system. 

 

 

 

 

Scheme 1. Summary of possible interactions among humins, aliphatic diepoxides and BDMA 
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2.2.2. Evolution of the structure during copolymerization reactions 

2.2.2.1. FT-IR investigations 

To highlight the copolymerization of humins with the diglycidyl comonomers, FT-IR 

spectra of the initial components of formulations, of their mixture at t = � and of the cured 

systems were compared (Figure �). The industrial humins used in this study present similar 

IR spectra to those reported in the literature.�",��,�
,�# The significant assignments for all 

the initial components of the mixtures are presented in the Table �. In the humins spectra 

we can observe an important peak at ���� cm-� which can be assigned to the C=O 

stretching vibrations of the aldehyde groups of HMF and MMF, while the C=O 

asymmetric stretching vibrations are presented at �!�� cm-�. FT-IR absorption signals 

that can be ascribed to the substituted furan rings are at ���! cm-� a C=C stretching 

vibration, at ���" cm-� a C-O stretching vibrations or furan ring deformation, and also 

the signals from C-H out-of-plane deformation vibrations at "�� cm-�, !�" cm-� and !
� 

cm-�. In the case of PEGDE and GDE spectra, the most important signals are CH�-O-

CH� asymmetric stretching vibrations of the ether groups at ��#� cm-� for PEGDE and 

at ��"# cm-� for GDE, and also the asymmetric stretching vibrations for the epoxy ring 

which appear at ##�, #��, #�� and "�� cm-� for PEGDE and at #"�, #�� and "�! cm-� 

for GDE. After analyzing the spectra of precursors, the three crosslinked resins were 

examined.  

For example, in the HG40B5 resin case we can observe that the peaks corresponding 

to -OH of humins and -OH present in the GDE structure are still present in the thermoset, 

meaning that the main reactions are not the etherification through epoxy ring additions to these 

groups (Figure ESI2). Then at �#�# and �"!� cm-� a well-defined doublet corresponding 

to the sp� C-H stretching could indicate that during the copolymerization the alkyl 

connections were formed insight the network. The C=O asymmetric stretching vibration 

Figure 4. FT-IR spectra of cured humins-based resins 
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at �!�� cm-� in the humins spectrum is shifted slightly to the left (�!�� cm-�) and the 

shape is wider in the thermoset spectrum. This peak is not observed for GDE. The C=C 

stretching peak for the disubstituted furans is no longer visible in the resin spectrum, 

and the peak of the polysubstituted furans shifts from �
�! cm-� to �
#� cm-�, this being 

larger and lower in intensity. The C-O-C bonding of the humins are present as a 

multiplet with a maximum at ���" cm-�, and in the case of GDE there is an intense and 

well-defined peak at ��#� cm-�. In the resin spectrum, the peak is located at ���� cm-�, being 

larger compared to those of the other two compounds, and its absorbance is lower.  

The disappearance of the peak of oxirane ring stretching which absorbs in GDE at #"�–

"�� cm-� confirms the consumption of epoxy functions during humins/GDE copolymerization 

(Table �). 

Table 2. Assignment of bands in FT-IR spectra of the initial components of humins systems of 

copolymerization 

Sample 
Wavenumber 

(cm-1) 
Assignments Sample 

Wavenumber 
(cm-1) 

Assignments 

Humins 3369 O–H stretching GDE 3482 O–H stretching 

2930, 2837 Alkyl C–H stretching 3000, 2872 C–H stretching 

1702 

1666 

C=O stretching 

C=O stretching in furan 
1457, 1432 

CH2δ-deformation 
vibration, coincides with 
CH3 δ asymmetric 

1617, 1517 C=C stretching 1339 
O–H δ-deformation, in 
plane 

1396, 1360 
O–H δ-deformation, in 
plane 

1253 C–O stretching 

1277, 1190, 
1058, 1018 

C–O stretching 

C–O stretching in furan 
1089 

CH2–O–CH2 asymmetric 
stretching (ether group) 

965 =C–H δ deformation 984, 906, 837 
asymmetric stretching 
vibration for epoxy ring 

804, 768, 756 
C–H out-of-plane 
deformation 

755, 702 CH2 γ-skeletal 

PEGDE 

2865 C–H stretching vibration 

BDMA 3086, 3063, 
3027, 2973, 
2941, 2854, 
2814, 2763 

C–H stretching 

1456 
CH2δ-deformation, 
coincides with CH3 δ 
asymmetric 

1601 
C=C stretching vibration 
(benzene ring) 

1349, 1295, 
1251 

C–O stretching 1495, 1452 
CH2δ -deformation, 
coincides with CH3 δ 
asymmetric 

1092 
CH2-O-CH2 asymmetric 
stretching (ether group) 

1363, 1317 
CH3δ-symmetric 
deformation (from-
N(CH3)2) 

994, 946, 910, 
840 

asymmetric stretching 
for epoxy ring 

1259, 1174, 
1146, 1097, 
1075, 1025 

C–N stretching 

758 CH2 γ-skeletal 

975 =C–H deformation 

908, 850, 734, 
696, 608 

=C–H out-of-plane 
deformation (benzene 
ring) 
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2.2.2.2. Rheometry analysis 

To study the copolymerization 

reactions of viscoelastic liquids such as 

humins-based resins, a parallel plate 

geometry was used, and the evolutions 

of G’, G” moduli and viscosity were 

recorded (Figure 
). 

According with the rheology 

analyses it can be observed that the 

systems start to react, when heated at �.� 

°C min–�, in the interval �
–!
 °C 

depending on the composition. The onset 

of reaction for the three formulations 

takes place at different temperatures, 

decreasing from !
 °C for the 

formulation with PEGDE till �
 °C for the system with humins and GDE. These results are in 

good agreement with the DSC analyses results (Figure �) which show a higher reactivity for 

the system with GDE. The hardening of resin is given by the gel point of the system, taken as 

crossover between G' and G''. For the resin formulation composed of humins and PEGDE the 

gelation process takes place at around #" °C, whiles for the humins/GDE resin the gelling point 

is at around "� °C. It can also be seen that the viscosity at �
 °C of the formulation which 

contains PEGDE is low, around ≈ �.�
 Pa s, around ten times lower compared with the 

viscosity of the formulation with GDE with an approximate value of �.
 Pa s. 

2.2.3. Physico-chemical characterization of humins-based copolymers 

2.2.3.1. Glass and sub-glass transitions 

Dynamic mechanical analysis (DMA) was used to determine the evolution of the 

viscoelastic properties of the prepared humins/diglycidyl thermosets. Furthermore, the 

copolymer molecular motions which depend on the time-temperature scale were also studied 

by DMA. These polymer’s chains motions have been classified according to their nature in α, 

β and γ transitions. At low temperature (short time), the so-called secondary relaxations are 

related to local motions such as rotation of lateral groups (γ relaxation) or motions of the main 

chain segment (β relaxation). At higher temperature (i.e. longer time), the so-called α 

relaxation relates to cooperative motions of main chains.�� The damping factor and the 

different transition temperatures of the materials were evaluated according to ASTM �-���� 

and ASTM D!��"-�!.�� 

Figure 5. Rheology study of the humins-based 

systems for copolymerization. Evolution of moduli 

and viscosity during heating at 50–200 °C at 0.2 °C 

min-1. Comparison between formulations. 



 

 

 

45 Cross-linked polyfuran networks with elastomeric behaviour based on Humins biorefinery by-products 
 

The DMA results obtained over the interval temperature range -�
� to �
� °C are given 

in Figure � and the main parameters are listed in Table �. The values of maximum of tan δ are 

assigned to the α relaxation (Tα) phenomenon related to cooperative chain motions and 

associated with the macroscopic Tg. Figure � shows the evolution of the storage and loss 

moduli of the three humins-based resins as a function of temperature.  

At temperatures below the glass transition, in the glassy region of the materials, high 

storage modulus values were measured, of about 
���–�!�� MPa. We can notice that the 

humins/PEGDE copolymer presents the smallest value of the E' modulus (≈ 

�� MPa), 

emphasizing the contribution of aliphatic flexible chains insight the copolymer network, giving 

an elastic resin. A higher value of modulus (≈ �"�� MPa) was measured in the humins/GDE 

copolymer showing a stiffer network, which was initially intended to achieve by the choice of 

a shorter aliphatic ether chain. Obviously, the copolymer with mixed glycidyls has an 

intermediate behavior. 

With the increase of temperature, in the transition zone, we can observe a substantial 

decrease in the E' values. A clear shift of the E' drop between the three resins can be observed. 

The temperature at which E' of the flexible humins-based resin starts to decrease is about -�� 

°C while for the GDE based resin this drop starts at around �� °C.  

The domain above the glass transition has a width dependent on the molecular weight 

of the chains between entanglements or crosslinks.��,��  By increasing the molecular weight of 

chain segments the transition to the rubbery plateau appears at higher temperatures. In the 

prepared humins/diglycidyls copolymers the zone appears in the order HP��B
 < HP��G��B
 

< HG��B
. 

Figure 6. Evolution of the storage modulus and loss modulus vs. temperature for humins-based 

copolymers 
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In the rubbery plateau, the storage modulus value is directly correlated with the 

crosslinking density of the networks (Flory's theory).��  The bigger the crosslinking density of 

the polymer, the smaller the drop of the storage modulus value.�
,�� The crosslinking densities 

for the three humins-based copolymers were calculated and given in Table �.  

Table 3. Mechanical properties of the humins-based resins according to the DMA analysis 

 

Moreover, the α, β and γ transitions of copolymers were also investigated by DMA. 

Figure ! shows the evolution of tan δ for the three humins based copolymers networks. In our 

previous work�! we have shown by dynamic DSC that the crude humins have a Tg  at -�
 °C, 

while humins auto-crosslinked at �
� °C have a Tg around �� °C. Compared with the humins 

thermoset we can observe that the copolymerization with tailored diglycidyl aliphatic ethers 

allowed the tailoring of the mechanical properties. The shorter aliphatic ether chains from GDE 

gave a more rigid network, with a Tα ≈ !� °C and a less ample intensity of tan δ peak. In 

contrast, by increasing the length of the aliphatic ether chains, copolymers with PEGDE, the 

Tα decreases to ≈ �� °C. The copolymer prepared with the combination of diglycidyls (PEGDE 

+ GDE) and humins has an intermediate trend, with a Tα ≈ �# °C and a peak intensity more 

determined by the GDE contribution. 

 

 
 

Tan δ  Storage Modulus, E’ (MPa) 
 

υ  
(mmol∙cm-3) System 

Peak 
(°C) 

Interval 
of Tan δ 

(°C) 

Peak 
height 

 
In glassy 
plateau 

(at -100 °C) 
At Tan δ 

In rubbery 
plateau 

(at 150 °C) 

 

HP40B5 30 100 0.76  5473 27 1  0.07 

HP20G20B5 49 123 0.5  5916 25 4.5  0.43 

HG40B5 71 142 0.4  6777 96 6.6  0.56 

Figure 7. Evolution of relaxation processes with temperature on the humins-based copolymers: a) tan 

δ; and b) β and γ transitions 
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Interestingly, all the three copolymer networks have similar range of the α relaxation 

peaks which are very large (between ��� and ��� °C) indicating a large distribution of 

relaxation times, characteristic of long polymeric chains. The amplitude of tan δ provides 

information on the crosslinking density of the materials. For the HG��B
 resin, the small 

amplitude of the tan δ peak indicates a low damping capacity of the material and consequently 

indicates that HG��B
 is a less elastic thermoset. This observation is in accord with the fact 

that the HG��B
 resin present the highest crosslinking density. In contrast, HP��B
 shows a 

relaxation at lower temperature, because of a much more flexible network due to the PEGDE 

aliphatic ether contribution. The corresponding tan δ peak exhibits an intensity that indicates 

higher damping capacity through energy dissipation, and consequently a flexible network, in 

good accord with its low value of crosslinking density. As illustrated in Figure !b, all the three 

copolymers present a small γ relaxation at around Tγ ≈ -��� °C which could be associated with 

the rotation of hydroxyl or other functional groups from humins or from diglycidyls. Then, at 

≈ -!� °C for HP��B
 and at ≈ -!�°C for HP��G��B
 occur the beta relaxations corresponding 

to local motions of copolymers. For the HG��B
 system two beta transitions emerge at Tβ ≈ -

�! °C and Tβ’ ≈ -�� °C.  

The free moving dangling of segments chains present in the network after crosslinking 

and the local breathing of furanic entities could be the origin and could explain these 

relaxations.�! The glass transition phenomenon was also studied with the help of the DSC. The 

Tg of cured materials were analyzed using � heating/cooling cycles at temperature range of -


� to ��� °C and �� °C min-� heating rate. 

The obtained results (Figure ESI�) corroborate very well with those measured by DMA 

(Tg-loss) and are summarized in Table �. In perfect accord with previously reported DMA 

results, the DSC results indicate the difference between the three humins based copolymers in 

terms of Tg. Accordingly, the presence of PEGDE in the copolymer network has a strong effect 

on its thermomechanical properties. The copolymer with a higher content on PEGDE – 

HP��B
 – has negative Tg values ≈ -�� to -" °C. 

Its combination with a shorter aliphatic ether (GDE) gives a less elastic material, with 

a higher Tg at around ��°C, Tg ≈ -� to -� °C. In contrast, the resin with GDE was considered a 

more rigid material, having a Tg of ≈ �! °C. These results were corroborated with the hardness 

test results where the hardness of the materials follow the same trend as the Tg values. Using 

the Shore hardness tests, the resistance of the humins-based resins was measured at the 

penetration of a spring-loaded needle-like indenter. Hardness of hard elastomers and most 

polymer materials such as thermoplastics and thermosets is measured with a Shore D scale. 

The Shore hardness test of the three copolymers revealed values from ��SD to !�SD.  
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Table 4. Comparison of glass transition temperatures (Tg) of materials by DSC and DMA; and Shore 

hardness values 

 

According to the Shore hardness scale, the first formulation corresponds to a medium 

hard material which can be compared with shoe heel, door seal, or automotive tire tread, while 

the hardness of the other two resins can be compared with ebonite rubber, solid truck tires, 

hard wheels of roller skates and skateboard, computer casing, etc. 

2.2.3.2. Tensile properties 

With the help of tensile tests 

measurements on the three humins-

based copolymers we analyzed their 

mechanical properties as Young's 

modulus and elongation at break. In 

particular, the tensile strength, Young’s 

modulus, and yield stress are of primary 

importance for technical applications. 

The Young's modulus indicates the 

stiffness of materials and is defined by 

the relationship between stress and 

strain in a material in the linear elasticity 

regime of a uniaxial deformation. Figure 

" shows the tensile tests results with stress-strain curves of the three humins based copolymers 

investigated in this work. We can notice that the combination of humins–diglycidyls gave 

copolymers with different mechanical responses which vary coherently with the values 

obtained by DMA, DSC and hardness tests. A significant increase in the maximum strength of 

the resins with the GDE content can be noticed. In agreement with the DMA results, the 

HP��B
 copolymer presents low Tα and high ductility, the tensile strength for this resin being 

around �.� MPa, while for the rigid copolymer (HG��B
) the strength reaches around �.� 

 

HP40B5 

 

HP20G20B5 

 

HG40B5 

 
Tg from DSC / °C - 8 1 27 

Tg-loss / °C (DMA) - 10 - 2 26 

Tg-onset / °C (DMA) - 11 - 4 27 

Shore hardness / 
SD 

44 59 72 

Figure 8. Tensile profiles for the three humins-based 

resins 
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MPa. The elastic character of the HP��B
 resin is also shown by its elongation at break, the 

maximum strain being at around ��%. 
 

As the HG��B
 resin matrix is crosslinked more densely, its capability to undergo 

plastic deformation is reduced. The HG��B
 resin presents a low elongation at break (≈ !%) 

which means that this resin is more rigid and brittle than the HP��B
 resin (Table 
). 

Comparing with the commercial resins it appears that the HP��B
 resin could be included in 

the category of elastomers having a tensile strength value close to that of butyl rubber (�.���–

�.��� GPa), or of silicone elastomers (�.��
–�.� GPa).�"  

Table 5. Tensile properties for the humins-based resins 

 
Young’s Modulus 

(MPa) 
Tensile Stress 

(MPa) 
Strain (%) 

HP40B5 1.01 ± 0.08 0.38 ± 0.12 62.4 ± 6.18 
HP20G20B5 8.29 ± 0.61 1.33 ± 0.19 23.2 ± 6.76 

HG40B5 106.1 ± 39 2.14 ± 0.55 6.4 ± 5.23 

 

2.2.3.3. Thermal stability of the networks (TGA) 

Thermogravimetric analyses were carried out to determine the thermal stability of fully 

cured materials under inert (N�) or oxidant (Air) flows. TGA thermograms of the studied 

humins-based copolymers are reported in Figure #. The temperature of degradation was 

considered at 
% weight loss, T	%. Under air, the thermal degradation is quite complex, with 

at least three stages of degradation which starts above the temperatures of ��� °C (Table �).  

 

Figure 9. Thermogravimetric analysis of humins based copolymers at 10 °C min-1
 under air flow. 

Inset: weight loss of the derivative. 
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The first degradation step shows the same shape under air and nitrogen atmosphere 

(Figure ESI
), indicating that at this stage mainly non-oxidative degradation reactions of 

thermolysis occur. This first degradation step presents the largest mass loss of resins ≈ 

–

��%. The mass loss decreases in this stage from ��% (formulation with PEGDE) to ≈ 

% 

(formulation with GDE). Above �
� °C a second mass loss follows for the three systems under 

air flow, with a lower mass loss (��–��%). Finally, starting with ��� °C thermo-oxidations 

and carbonization reactions degrade the thermosets completely. As summarized in Table �, the 

inert atmosphere slows down the initial degradation of the materials, the T	% temperatures 

increasing with �� °C. It can also be observed that the degradation at T > 
�� °C is completely 

absent in the TGA analysis under nitrogen flow, this step being characteristic of the oxidative 

degradation. 

Table 6. Thermal stability of humins copolymers under Air and Nitrogen 

 Temperature (°C) 

HP40B5 HP20G20B5 HG40B5 

T5% under Air 212 232 233 

T5% under N2 244 251 246 

 

 

2.2.3.4. The Bio-based Content for humins-based copolymers 

In January ���
, the US Department of Agriculture defined the bio-based content of a 

product as the amount of bio-based carbon in the material or product as a percent of the weight 

(mass) of the total organic carbon in the product.�# Currently, the minimum acceptable 

percentage of biomass plastics is ≈ �
 wt.% of the total weight of the product.
�,
� According 

to Pan et al.
� we calculated the bio-based carbon content for each humins-based system. 

Humins are made of renewable raw materials and hence are ���% bio-based, while PEGDE, 

GDE and BDMA are still petrochemical-based products, even if ethylene glycol and glycerol 

are nowadays produced via bio-resources. 

According to previous studies performed on industrial humins produced by 

Avantium�#,
�, the carbon content of the crude humins is around 
�%. Based on weight, the 

%C in PEGDE is = 
�.�#%, in GDE it is = 
�.""% and in BDMA it is = !#.""%. The HP��B
 

and HG��B
 systems contain 

 g humins, �� g PEGDE or GDE and 
 g BDMA. The 

HP��G��B
 system contains 

 g humins, �� g PEGDE, ��g GDE and 
 g BDMA. 

Theoretically, when only carbon is considered, the bio-based carbon content in each 

formulation is: ≈ 
�.��% for HP��B
, ≈ 
�.��% for HG��B
 and ≈ 
�.�#% for HP��G��B
. 

Hence, the prepared formulations are biomass materials satisfying the criteria for bio-based 

carbon content. 



 

 

 

51 Cross-linked polyfuran networks with elastomeric behaviour based on Humins biorefinery by-products 
 

2.3. Conclusions 

In conclusion three thermoset resins with a bio-based carbon content > 
�% were 

obtained from humins and aliphatic diglycidyl ethers. The effect of formulations composition 

on the reactivity of the systems were studied by various methods, DSC, FT-IR and rheometry. 

All systems showed good reactivity during the copolymerization between the humins and the 

diglycidyls. The properties of the obtained materials were analyzed by DMA, tensile and Shore 

tests. These analyses proven the macroscopic homogeneity of the three copolymers materials 

and their ductile character. Resins with longer aliphatic chains, HP��B
, reached ≈ ��% 

elongation at break. All these properties together with the low curing time and temperature, 

and also the reduced numbers of components make these results feasible for the industry. To 

our knowledge, these are the first data reported on the synthesis of elastomeric humins based 

copolymers opening their utilization for example as matrix for composites for industrial 

applications. 

2.4. Experimental 

2.4.1. Materials 

The main component of formulations is represented by humins, which are an industrial 

polymeric by-product produced by Avantium Chemicals at their Pilot Plant in Geleen, The 

Netherlands, formed during acid-catalyzed processing of carbohydrates. As already reported, 

the humins are carbonaceous, heterogeneous, polydisperse structures whose molecular 

structure remain largely unknown. To obtain thermoset materials, the humins were 

copolymerized with diglycidyl comonomers such as the poly(ethylene glycol) diglycidyl ether 

(PEGDE) and glycerol diglycidyl ether (GDE), with N,N-dimethylbenzylamine (BDMA) 

being used as an initiator. The comonomers and the initiator were purchased from Sigma-

Aldrich and used as received.  

2.4.1.1. Humins-based formulations and thermoset samples preparation 

To design and develop different kinds of humins-based materials we tested different 

humins/comonomer formulations as presented in Table !. The formulations were studied in 

terms of their reactivity, the temperature interval of the reaction and aspect of the synthesized 

material (homogeneity, foaming during curing, fragility of the final material, etc.). In all the 

formulations the BDMA initiator was used at 
 wt.%.  To produce the reaction mixtures, the 

required amount of humins was mechanically mixed with necessary amounts of the 

comonomers and initiator until homogenization. The obtained formulations were poured into 
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silicone molds and the thermosets were obtained by applying a curing and post-curing 

temperature program. 

Table 7. General properties of the compounds used for humins copolymerization 

Compound Name Molecular weight (g mol–1) Density at 25°C (g cm–3) 

N, N-Dimethylbenzylamine (BDMA) 135.21 0.9 

Glycerol diglycidyl ether (GDE) 204.22 1.23 

Poly (ethylene glycol) diglycidyl ether 
(PEGDE) 

average Mn 500–650 1.14 

 

 Reactions were conducted for � h at "� °C followed by post-curing for �.
 h at ��� °C. 

To study the reactivity of humins with the diglycidyls, three types of humins mixture systems 

were prepared with PEGDE, GDE and (PEGDE + GDE), in different ratios. BDMA was used 

as initiator, at 
 wt.%.  The acronyms for the mixtures are reported based on their composition: 

“HPB” – for the system humins/PEGDE/BDMA; “HGB” – for the system 

humins/GDE/BDMA; “HPGB” – for the system humins/(PEGDE + GDE)/BDMA. Knowing 

that 
% represents the quantity of the initiator in all the formulations, e.g. HP��B
 is the 

formulation with ��% PEGDE, 
% BDMA and 

% humins. After the first screen of reactivity 

optimization, the best three formulations (one of each system) were selected and characterized.  

2.4.2. Experimental techniques 

2.4.2.1. Differential Scanning Calorimetry 

DSC measurements were carried out on a Mettler-Toledo DSC � apparatus controlled 

by STARe Software developed by Mettler-Toledo. The heat flow and temperature of the 

instrument were calibrated in � points using water, indium and zinc standards. The humins–

diglycidyl ethers copolymerization reactions were directly performed in DSC pans, by simple 

heating. Samples of ��–�
 mg were placed into ��� µL aluminum crucibles. The different 

mixtures were reacted under non-isothermal conditions at a heating rate β of �� °C min–� under 

air (��� mL min–�) over a temperature range �
–�
� °C. This thermal analysis technique was 

also used to study the second-order phase transitions on the resins. Samples of humins-based 

thermosets with masses between # and �� mg were scanned at �� °C min–� from -
� °C to ��� 

°C. 

2.4.2.2. FT-Infrared Spectroscopy 

FT-IR technique was used to investigate the evolution of structures before, during and 

after the copolymerization of each formulation. The Fourier transform infrared (FT-IR) spectra 

were recorded using a Nicolet iS
� FT-IR spectrometer equipped with a GladiATR (PIKE 
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Technologies, Inc.) single diamond attenuated total reflectance system. The spectrum of air 

was recorded as a background before each sample. All spectra were acquired with a spectral 

resolution of � cm−� and �� scans in the range of ����–
�� cm−�. 

2.4.2.3. Rheometry 

Chemorheological measurements were conducted under nitrogen in an Anton Paar 

MCR–��� rheometer using disposable plate–plate geometries (�
 mm diameter and � mm gap). 

The measurements were carried out at a scan rate of �.� °C min–� over a temperature range 
� 

°C to ��� °C. The complex viscosity, storage modulus (G’) and loss modulus (G”) were 

measured by oscillatory shear experiments with an angular frequency of �� rad s–� and a 

deformation of �.�%.  The temperature of crossover of the values of storage (G’) and loss (G”) 

moduli was considered as the temperature of gelation (Tgel). 

2.4.2.4. Dynamic Mechanical Analysis 

DMA measurements were performed using a Mettler-Toledo DMA � equipped with a 

three-point bending assembly at an oscillatory frequency of �.� Hz and an amplitude of �� µm. 

The analyzed samples had rectangular dimensions of �" × " × � mm� (length × width × 

thickness). Each resin formulation was analyzed three times and the values averaged. The 

DMA was performed in the temperature-scanning mode with a constant displacement 

amplitude and frequency. The temperature ramp covered a range from -�
� to �"� °C at a 

heating rate of � °C min–� under a nitrogen atmosphere. The loss (E”), storage (E’) Young 

moduli and damping factor (tan δ = E”/E’) were determined.  

Three different Tg values can be determined by the measurement according to AITM 

�-���� and ASTM D!��"-�!��. The three different Tg values are (i) Tg-onset, defined as the 

temperature of extrapolated tangents drawn from points on the storage modulus curve before 

and after the start of the glass transition; (ii) Tg-loss, defined as the maximum temperature on 

the loss modulus versus temperature curve; (iii) Tg-peak, defined as the maximum of tan δ 

(damping). The Tg-peak value is generally higher than Tg-loss value and corresponds more closely 

to the transition midpoint while the Tg-onset value more closely signifies the initial drop from 

the glassy state into the transition state. To unify the notation, the Tg-peak will be noted as tan δ 

assigned to the temperature of the maximum of the loss factor peak and attributed to the α 

transitions. 

The crosslinking densities for the humins-based copolymers were calculated using 

Flory's theory.�� According to Flory the value of the storage modulus at the rubber plateau 

allows the calculation of the cross-linking density of the resins: 

� =
��

���
                                                              (�) 
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where υ is the crosslinking density (mol cm–�), T represents the temperature (°K), E’ is the 

storage modulus at the rubbery plateau at T (MPa) and R is the perfect gas constant. To 

calculate the crosslinking density for the three humins-based resins, the values were taken at 

the rubber plateau where the values of the modulus and tan δ are constant, namely at Tg + "� 

°C. 

2.4.2.5. Shore Hardness Test 

A Zwick Roell ���� hardness tester was used for determining the hardness according 

to ISO !��#-�, ASTM D���� and ISO "�". Oe Shore D hardness tester was released smoothly 

with a load force of 
� N ± �.
 N until the presser foot was firmly seated on the specimens. To 

avoid the errors, three samples of each resin formulation were tested, and three measurements 

were performed for each sample. 

2.4.2.6. Tensile Tests 

The tensile strength and the Young’s modulus of the humins/diglycidyl based 

thermosets were determined by tensile tests according to standard ISO 
�!-�
� and ASTM 

D��"-�"

 on a mechanical universal testing machine Instron, model ���
, controlled by 

BlueHill Lite software developed by Instron (Norwood, MA, USA). For the tests, a crosshead 

speed of �� mm min–� was used on samples of dimension !
 × �� × � mm� (length × width × 

thickness). Five samples for each formulation were tested to evaluate the average calculations 

of mechanical properties (Young’s modulus, tensile strength, and elongation at break). 

2.4.2.7. Thermogravimetric Analysis 

Thermal stabilities of copolymerization formulations and the obtained thermosets were 

analyzed using thermogravimetric analysis (TGA). The thermal degradations, mass loss and 

its derivative as a function of temperature were evaluated using a TGA � Mettler-Toledo 

between �
 °C and ���� °C under oxidative (Air) and nitrogen flows (�
� mL min–�) at a 

heating rate of �� °C min–�. Samples of about �–! mg of were placed into !� µL alumina pans 

and tested. 
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Electronic Supplementary Information (ESI) 

Table ESI 1. Results of DSC analysis for humins/PEGDE and humins/GDE polymerization 

 H80/P20 H70/P30 H60/P40 H50/P50 H80/G20 H70/G30 H60/G40 H50/G50 

Tpeak (°C) 
(reaction interval) 

203 ± 1 

(115–247) 

225 ± 1 

(120–257) 

160 ± 1 

(135–173) 

157 ± 1 

(122–178) 215 ± 1 

(95–255) 

215 ± 1 

(116–268) 

221 ± 1 

(115–267) 

225 ± 1 

(118–266) 244 

(215–262) 

242 

(190–262) 

ΔrH (J g -1) 112 ± 2 111 ± 2 
8 ± 1 6 ± 1 

239 ± 4 301 ± 4 300 ± 4 145 ± 4 
28 ± 1 50 ± 1 

Figure ESI 1. DSC analysis for uncured mixtures: a) 55% H – 40% PEGDE – 5% BDMA, b) 55% H 

– 20% PEGDE – 20% GDE – 5% BDMA, c) 55% H – 40% GDE – 5% BDMA 

Figure ESI 2. FT-IR spectra of raw materials 
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Table ESI 2. Rheological data for humins-based resins 

Resins 
Gelling point  

(°C) 

Start of reaction  

(°C) 

End of reaction  

(°C) 

HP40B5 98 75 125 

HP20G20B5 92 73 120 

HG40B5 86 65 115 

Figure ESI 3. Rheometry study of the humins-based resins: a) 55% H – 40% PEGDE – 5% BDMA, 

b) 55% H – 20% PEGDE – 20% GDE – 5% BDMA, c) 55% H – 40% GDE – 5% BDMA 
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Table ESI 3. Temperatures and related storage modules for cross-link density determination of humins-

based resins 

 
Tan δ + 80 °C  
(°C) 

E’ at Tan δ + 80 °C 
(MPa) 

υ  
(mmol∙cm-3) 

HP40B5 110 0.7 0.07 

HP20G20B5 130 4.36 0.43 

HG40B5 146 5.81 0.56 

Table ESI 4. Sub-glass transitions of the humins-based copolymers 

Sample 
Tγ  (°C) 
max / peak height  

Tβ (°C) 
max / peak height  

HP40B5 –131 / 0.019 –73 / 0.03 

HP20G20B5 –130 / 0.014 –71 / 0.03 

HG40B5 –133 / 0.019 
β     –47 / 0.03 

β’    –2 / 0.17 

Figure ESI 4. Mechanical response of materials as compared to DSC scans showing the glass 

transition temperature for the humins-based resins 
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Figure ESI 5. Weight ratio vs temperature for the non-isothermal degradation of humins based resins 

conducted under inert (dash line) and oxidative atmosphere (solid line) 

Resins 

1st degradation 2nd degradation 3rd degradation 

Tmax 

peak 
(°C) 

Mass loss 
(%) 

 
Tmax 

peak 
(°C) 

Mass 
loss 
(%) 

 
Tmax 

peak 
(°C) 

Mass loss 
(%) 

 

HP40B5 379 63  566 20  910 17  

HP20G20B5 359 57  566 13  812 30  

HG40B5 310 55  498 14  753 31  

Table ESI 5. TGA degradation steps of the materials 
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Abstract 

 

 

Innovative bio-based composites combining humins as biorefinery by-product with 

keratin or lignin as wastes or industrial side-products were developed. The bio-composites 

were prepared using three types of matrix formulations allowing the synthesis of elastic to 

rigid thermosets. These matrices were combined with chicken feathers powder, non-woven 

chicken feathers mat or lignin to produce bio-composites. A maximum quantity of bio-fillers 

was used, around 10 wt.%. The effect of the bio-fillers on the matrix’s crosslinking was studied 

by rheology and DSC. Then, the obtained materials were analyzed by TGA, DMA, tensile 

tests, water absorption and SEM. The results show a very good compatibility of the humins 

matrix with the bio-fillers, without any preliminary modification of the matrix, that is 

exceptional for the point of view of a composite. The overall performances of the neat matrix 

were maintained or improved through the composites. Therefore, bio-composites with 

potentially interesting thermal and mechanical properties have been synthesized. In the case 

of the elastic ductile matrix the Young’s modulus value was improved from 1 to 22 MPa, while 

for the rigid matrix the increase was from 106 to 443 or 667 MPa, in the case of composites 

with non-woven chicken feathers mat or lignin. To our knowledge this is the first study 

combining humins matrix with keratin. The obtained bio-composites are sustainable materials 

linked via the used raw materials to the circular economy and biomass valorization.  
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3.1. Introduction 

One of the main problems faced by humanity currently and in the future is the intense 

pollution of the environment due to the production and use of materials based on fossil 

derivatives but also due to the increasing amount of industrial wastes.1 The need to 

significantly reduce the environmental pollution has led to the investigation and development 

of new materials from renewable resources. Proteins are biopolymers with a big potential to 

develop materials since they are biodegradable, renewable, inexpensive and especially 

abundant.2 An important source of protein is the chicken feathers, a by-product from the 

poultry industry.3 

Since ancient times, people have been using birds for food, falconry, in ritual, for aviary 

specimens and pets. Historical sources prove that bird feathers were used for preparing arrows, 

while the archaeological data present evidence for the use of wild birds (e.g., hooded crow) in 

funeral ceremonies.4 According to the biannual report on global food markets made by Food 

and Agriculture Organization of the United Nations, the global production of poultry meat was 

estimated at 128.4 million tons in 2019.5 Given that feathers represent about 5‒7% of the body 

weight of an adult chicken6,7, about 9 million tons of feathers are annually produced 

worldwide. The chicken feathers are composed of 91% keratin, 8% water and 1% fats.8–11 Only 

a small part of chicken feathers is converted in low nutritional animal feed. The largest amount 

of feathers is deposited in landfills or burned, leading to environmental pollution, and 

moreover to the loss of a very rich resource of high protein raw material. 

For birds, feathers play an important role in flight, protection, heat retention, 

waterproofing, etc. All of these functions are performed with the help of some types of feathers 

such as contour feather, semiplume, filoplume, chick down and bristle feather, which are found 

in different parts of the body and have distinct role and structures.8,12 Feathers present a 

complex hierarchical branched structure where rachis is the primary structure, barbs are the 

secondary and barbules the tertiary branches structure.9 In the cross-section of the rachis and 

the barb one can see the presence of a honeycomb structure.9,10,13 According to Reddy and 

Yang11 this honeycomb structure act as an air and heat insulator, providing high resistance to 

compressibility and making the fibers very light in weight, having a very low-density (0.8 g 

cm-3) compared with the wool (1.3 g cm-3) and cellulose fibers (1.5 g cm-3).14,15 

Chicken feathers being composed from 91% protein (keratin), represent one of the 

main sources of keratin. Keratin is a natural and small protein, uniform in size with a molecular 

weight around 10 kDa (10500 Da)16, consisting of polypeptide chains obtained by the 

condensation of different amino acids, their content on feathers depending on the environment, 

food and breed.9 One of the most important keratin’s polypeptide is the cysteine which is 
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present in a large quantity.17 The cysteine contains thiol groups which interact to form disulfide 

bonds therefore contributing to the semi-crystalline structure of feather keratin and it is 

hydrophobic. The second largest amino acid in chicken feathers is the serine which contains 

the -OH groups making the feathers hydrophilic. Chicken feather fibers have both hydrophobic 

and hydrophilic character and approximately the ratio is 60:40 percentages.17–20 Based on X-

ray diffraction, keratins can be classified into α-pattern, β-pattern, feather-pattern and 

amorphous pattern.21–23 The feather pattern has been considered as β-pattern since both 

patterns show the same characteristic reflections.24 Usually, keratin classification are used the 

two regular secondary structures α-helix and β-sheet. The α-keratins are found in the soft 

tissues such as sheep wool, skin and hair while β-keratins are present in hard tissues proteins 

of bird feathers, fish scales, nails and others.25 The most representative α-keratin material is 

the wool while the feathers are typical for β-keratin materials.26 

Considering the large amount of keratin present in chicken feathers, these represent a 

valuable resource with countless potential applications in cosmetics, biomedical 

applications27,28, thermoplastics and packaging materials29–31, thermosets, composites for 

different sectors of industry (construction, automobile, etc.), biofertilizers32,33, coatings, etc. 

The good properties but also the abundance of the chicken feathers made them more and more 

interesting and used by the researchers in the development of new green materials able to 

replace those based on fossil derivatives.34 For example, Yin et al.35 reported the fabrication 

of porous keratin films using keratin from chicken feathers for controlled drug delivery 

systems. Firstly, a stable and homogeneous keratin was extracted from chicken feathers using 

Shindai method, with a yield of 93% and a molecular weight of around 20 kDa. Thereafter, 

the obtained chicken feather keratin was mixed with glycerol developing films with controlled 

thickness (by varying the volume of the keratin dispersion) and good mechanical properties. 

These keratin-based films were pH-responsive, showing a controllable drug-releasing behavior 

making them an attractive candidate for application in the biomedical field. Song et al.36 have 

developed chicken/gelatin composite protein films with clove oil, with potential application in 

the active packaging for smoked salmon. The mechanical properties of the prepared composite 

films were investigated showing that the tensile strength and elongation at break significantly 

increased with the increase of the gelatin content. Also, the incorporation of 1.5% clove oil 

into the film improved the antimicrobial properties of the composite film and its mechanical 

properties were not affected, being considered a potential active packaging material for 

smoked salmon preservation Yang and Reddy37 reinforced the high-density polyethylene 

(HDPE) from plastic bags with chicken feathers to develop composites in an effort to add value 

and to reduce the amount of the plastics and feathers disposed in landfills. The authors created 

sandwich structures with layers of plastic and feathers varying the proportions (w/w) from 
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40/60 to 70/30. The effect of the ratio of feathers in the composite and the influence of the 

manufacturing parameters on the mechanical properties of the final materials have been 

studied. It was found that incorporating feathers as reinforcement for HDPE at the optimum 

conditions (182 °C and 2 min) substantially improved the flexural strength, tensile modulus 

and sound absorption than 100% HDPE. The authors showed by this research that discarded 

plastic bags and chicken feathers can be used as valuable products in the composites 

production for different industrial sectors. In order to replace the non-renewable composite 

materials, Huda and Yang38 proposed to develop composites from ground chicken quill and 

polypropylene. They investigated the mechanical and acoustical properties of this kind of 

composites and compared them with jute-polypropylene composites, concluding that the 

ground quill composites can be an ideal candidate for acoustic panels or headliner substrates. 

Hong and Wool39 developed a novel bio-based composite material from soybean oils and 

keratin feather fibers. The authors used acrylated epoxidized soybean oil and soybean oil 

pentaerythritol glyceride maleates as liquid molding resins and two different types of non-

woven keratin fiber mats, obtaining environmentally friendly, low-cost composites, suitable 

for electronic as well as automotive and aeronautical applications. Following the studies, it 

was observed that the literature deals with applications of other chicken products also, not only 

of chicken feathers. For instance, Rivera et al.40 used the eggshells in a phosphate solution at 

an elevated temperature, developing a new procedure for the synthesis of porous 

hydroxyapatite. 

Another abundant renewable resource in nature is the lignocellulosic biomass 

composed manly from three principal components i.e. cellulose (35‒50%), hemicellulose (20‒

35%) and lignin (10‒25%).41 Lignin is a phenolic complex macromolecule with an irregular 

structure affected by various factors like biomass sources, fractionation’s methods, and 

fractionation’s severity.42,43 Lignin is a three-dimensional network composed mainly of three 

types of phenylpropanoid units as coniferyl, sinapyl, and p-coumaryl alcohols.44 This 

heterogeneous biopolymer is a by-product of biorefineries that process plant biomass to 

produce fuels and chemicals, but also a waste of the pulp and paper industries. Generally, most 

of the lignins are burned to generate heat and electricity, but has also gained increased attention 

in other application areas such as pharmacology45, as lignin nanostructure for possible 

applications in UV protection and biomedical applications46, or bioplastic and bio-

composites.47 For example, Diop et al.48 reported the development of the composites with 

around 20% lignin used as filler in a low-density polyethylene matrix, obtaining an increment 

of the mechanical properties of the materials. Composites were developed by Yin et al.49 by 

blending the lignin with an epoxy-polyamine resin and using a hot press molding process. 

They studied the effect of molding’s temperature and pressure on the mechanical properties 
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and microstructure of the lignin/epoxy resin composites. After these studies, the authors 

noticed that the properties of the materials initially increased, then decreased, the excessively 

high applied temperature causing the degradation of the composite that become brittle, the 

optimal temperature being around 130 °C. Therefore, according to literature studies, the lignin 

begun to show great interest, being extensively researched as an possible alternative to 

petrochemical-based reinforcements.50,51 

Another industrial side-product generated by the processing and valorization of 

lignocellulose is a black and viscous compound called humins. Humins are polyaromatic 

condensed structures derived from sugar conversion processes with a molecular structure 

unknown, which is influenced by the type of feedstock and the processing parameters.52,53 

These carbon-rich agglomerate particles contain acid, ketone, alcohol, aldehyde groups and 

are composed of approximately 50‒66 wt.% C and 29‒46 wt.% O, the rest being H.54 In recent 

years, the valorization of this by-product derived from biorefinery into high value products has 

shown a growing interest for researchers. The humins' potential to generate materials has been 

tested, thus obtaining thermosets furanic resins and composites55,56 or porous materials57–59, 

but this by-product is not yet sufficiently valued and exploited. 

In this study, humins-based resins were combined for the first time with bio-fillers like 

chicken feathers powder, non-woven chicken feathers mat or lignin in order to develop 

sustainable bio-composites with potential industrial applicability. The influence of these 

natural fillers on humins-based resins reactivity was analyzed by differential scanning 

calorimetry (DSC) and rheometry. The morphology of the bio-composites was investigated by 

scanning electronic microscopy (SEM). Then, the thermomechanical properties were analyzed 

by thermogravimetric analysis (TGA), dynamic mechanical analysis (DMA), Shore hardness 

test and tensile tests. The materials’ water absorption was also investigated. 

3.2. Results and Discussion 

3.2.1. Reactivity study of the humins-based resins in presence of 

chicken feathers powder or lignin bio-fillers 

3.2.1.1. Differential scanning calorimetry 

To identify the influence of the two bio-fillers on the thermal crosslinking of the 

humins based resins, the DSC analyses for reactive humins formulations and their mixtures 

with chicken feathers powder and lignin were made and compared. Figure 1 highlights the 

changes taking place during crosslinking reactions. 
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The curing of all the samples is observed as a large exothermic peak, sign of a complex 

reactivity, characteristic for the humins resin. We can observe also from Figure 1 that the onset 

of crosslinking is around 35‒45 °C and this value is more or less the same, whatever the system 

composition. This result could already translate that the presence of the bio-fillers didn’t affect 

the curing initiation. The two bio-fillers could be considered, at this point, inert vis-à-vis of 

generation of active species that initiate the crosslinking. According to the data summarized in 

Table 1, it can be observed that for the HP40B5 formulation, the maximum temperatures of 

reaction of mixtures with chicken feathers powder or lignin decrease compared to that of the 

neat resins. 

In the HP20G20B5 system, we can observe that the Tmax of curing is not affected by 

the filler and the Tmax values between the resin and the mixture resin-filler are almost the same. 

The area under the exothermic crosslinking peak was integrated in order to obtain the heat of 

cure (ΔrHcure, J g-1) of each formulation. In all the cases we can notice a decrease in the value 

of the reaction enthalpy when the filler is added. For HP40B5 and HG40B5 systems, the 

enthalpy of crosslinking in presence of CFP shows a relatively small decrease (≈ 20 J g-1) 

compared to that of the neat resin, while the difference between the reactivity of resins and 

that of the mixtures with lignin is much higher (≈ 90 J g-1). This result translates that nor the 

CFP nor the lignin enter in reactions with the resins and they play the role of inert fillers. The 

decrease in enthalpy is higher in the presence of the lignin, perhaps due to the morphology of 

lignin powder that is formed by bigger particles that the CFP’s one. For the HP20G20B5 

formulations with the two bio-fillers the heat of cure is similar (≈ 230 J g-1). However, is very 

difficult here to give a clear interpretation on the curing behavior since the humins crosslinking 

process is a very complex one, due to the complex composition of the neat humins. Moreover, 

this DSC study clearly shows that no chemical interaction between the CFP or L could be 

found with the humins resins. The allure of the DSC thermograms are very similar inside the 

same system. Nor the reaction onset, nor the end of reaction are affected by the presence of 

Figure 1. DSC analysis for uncured resins and their mixtures with 10 wt.% chicken feathers powder 

(10CFP) or 10 wt.% lignin (10L): a) HP40B5, b) HP20G20B5, c) HG40B5 
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the bio-fillers. The Tmax suffers some changes together with the reaction enthalpy that is the 

most affected by the presence of the fillers. 

Table 1. DSC analyses for curing of three reactive systems and their mixtures with chicken feathers 

powder or lignin 

Sample 

Reaction Tmax (interval) 

(°C) 

 Enthalpy of reaction 

 (J g–1) 

Neat 
Resin 

Mix Resin–

10CFP 
Mix Resin–

10L 
 Neat 

Resin 
Mix Resin–

10CFP 
Mix Resin–

10L 

HP40B5 
164 ± 1 

(42–215) 

157 ± 2 

(40–210) 

146 ± 1 

(45–206) 

 
212 ± 3 192 ± 4 160 ± 4 

HP20G20B5 
157 ± 2 

(40–230) 

156 ± 1 

(40–215) 

153 ± 1 

(48–217) 

 
319 ± 2 228 ± 3 230 ± 3 

HG40B5 
154 ± 1 

(38–228) 

152 ± 1 

(36–215) 

149 ± 1 

(33–208) 

 
333 ± 4 313 ± 4 253 ± 3 

3.2.1.2. Rheometry analysis during crosslinking 

Rheometry analysis was used to study the evolution of viscosity and of the viscoelastic 

properties during the crosslinking reaction of the three humins-based systems and of their 

mixtures with the bio-fillers. Figure 2 give the results of the evolution of moduli (G’, G’’) 

during curing of a selected system resins: the HG40B5 and its mixtures with the two bio-fillers, 

the influence of the filler amount being analysed. From the shape of the viscosity curves it can 

be seen the changes of the samples from a low-melting solid to a low viscosity liquid, thereafter 

to a gel, and at the end of the curing to a stiff solid. 

 According with the data displayed in Figure 2 and Table ESI1, we can notice that the 

fillers’ nature and ratio influence the rheological behavior of the systems during the curing. 

Firstly, we can notice that the resin mixture has almost the same viscosity that the resin with 

10 wt.% L, both in the initial (unreacted) or final (crosslinked) state. This result is correlated 

with that of moduli, that are also very close for the resin and its mixture with the lignin. What 

we can observe is that the presence of the lignin provokes a small decrease, with some degrees, 

in the gelling point of the mixture. In contrast, the mixture with 10 wt.% CFP show a strong 

increase in the unreacted system’s viscosity, with around a decade. This increase on viscosity 

could be correlated with the particle-particle interactions of CFP or by the interactions of the 

CFP particles with the resin, like hydrogen bonding between amino groups from keratin with 

oxygen based functional groups of the humins resins. The fact that the viscosity of the systems 

increases by the amount of the CFP (Figure ESI1) could reinforce the first hypothesis by the 

thickening of the suspensions by particle-particle interactions. This behavior is also reflected 

in the increased values of the 10 wt.% CFP system moduli compared with that of the neat resin. 
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The sol-gel transition occurs at lower temperatures in this system that conduct to thermosets 

with higher stiffness. 

If we corroborate the DSC and rheometry results, is somehow difficult to understand 

why the system with CFP has a higher reactivity, considering that the viscosity of this system 

is much higher than the neat resin. According with the literature, the filler effects on the chemo-

rheology of thermosetting resins has not been studied extensively.60 Chirayil et al.61 studied 

the rheological changes during the crosslinking of an unsaturated polyester system and the 

influence of nanocellulose filler which was extracted from Helicteres isora plant using steam 

explosion technique. They found that the presence of nanocellulose filler influences the 

rheological behavior of the systems during the curing process and the gelation process is 

shifted to smaller values seeing it a clear tendency of cure acceleration in the presence of the 

filler. 

A comparison of rheological behavior between the HG40B5 curing system and its 

mixtures with different amounts of CFP or lignin is represented in Figure ESI1. It can be 

noticed that the viscosity and G’ and G’’ moduli are significantly higher in the case of systems 

with CFP while for the materials with lignin the values remain similar to that of the unfilled 

resin. 

3.2.2. Physico-chemical characterization of bio-composites 

3.2.2.1. Thermogravimetric analysis (TGA) 

Thermogravimetric analyses (TGA) were carried out to determine the influence of the 

bio-fillers on the thermal stabilities of the cured materials as a function of temperature under 

oxidative atmosphere. The thermal stability of each resin is compared in Figure ESI3 with 

Figure 2. Rheology study of the unfilled HG40B5 curing system and their mixture with CFP and 

Lignin. Evolution of a) modulii and b) viscosity during heating from 50 °C to 200 °C at 0.2 °C min-1. 

Comparison between unfilled, 10CFP and 10L filled resins. 
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three types of composites: i) composites with 10 wt.% CFP, ii) composites with 10 wt.% 

Lignin and iii) composites with 12 wt.% CFM. The temperature of degradation was considered 

at 5% of the weight loss of materials, the T5% values being tabulated in Table 2. The thermal 

stability stipulated in the literature for the chicken feathers fibers is between 220 °C and 240 

°C.62,63  

Table 2. Thermal characterization of the resins and bio-composites 

 T5% (°C) 

Neat Resin–10CFP Resin–12CFM Resin–10L 

CFP 
CFM 
Lignin 

239 
236 
202 

   

HP40B5 212 240 241 240 
HP20G20B5 232 235 240 245 
HG40B5 232 232 235 250 

According to reported results64–67 it has been observed that the addition of chicken 

feathers as filler in a polymeric matrix decreases the thermal stability of the composites 

compared to the neat resin. Pourjavaheri et al.65 developed by solvent-casting method new bio-

composites using thermoplastic poly(ether urethane) as matrix and chicken feather fibers 

(CFF) as reinforcement. The thermal stability of the composites developed with 30 and 60 % 

w/w CFF was analyzed and compared with the neat resins, thus observing that the addition of 

the chicken feathers decreases the thermal stability of the final materials. If the T5% of the neat 

resins is about 313 °C, the addition of 30% CFF decreased the thermal stability of the final 

material with around 40 °C, while the T5% of the bio-composite with 60% CFF was ≈ 249 °C. 

There are also studies in which the feathers improve the thermal stability of resins,7,68  as in 

our case. It can be seen that the nature of the polymer matrix does not affect the thermal 

behavior trend of the composites. The presence of the CFP or CFM in the three humins 

formulations improve the thermal stability (T5%) of the composites in a similar manner, while 

the addition of lignin in the polymer matrix provides a greater improvement in thermal stability 

compared to the composites with feathers. Following the thermogravimetric analyses it can be 

observed that the thermal stability of the bio-composites with CFP (230‒240 °C, depending of 

the resin nature) is similar with that of the materials with CFM (235‒243 °C), and for the 

composites with lignin the thermal stability is ≈ 240‒250 °C. These values indicate a good 

stability of the composites, being comparable to those already stipulated in the literature. For 

example, the thermal stability of the poly(urea-urethane)/chicken feathers bio-composites 

developed by Aranberri et al.67 is between 205‒240 °C depending on the polymer/CF ratio. 

The shape of thermogram curve of the polymer matrix is similar with that with 10 wt.% 

lignin composites, presenting three main steps of degradation. The first degradation step of 
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pyrolysis presents the largest mass loss of lignin composites, being around 50‒60%. Between 

450‒700 °C a second mass loss occur for systems under the air flow, with a lower mass loss 

compared to the first stage. Over 700 °C begins the complete degradation of the systems that 

takes place through the thermo-oxidation and carbonization reactions. The mechanism of 

thermal degradation of the composites with chicken feathers (10 wt.% CFP/ 12 wt.% CFM) it 

also consists of three main degradation steps, but these materials present also an additional 

very small degradation step (≈ 1.5% mass loss) between 40‒170 °C which can be ascribe with 

the evaporation of absorbed water by the hydrophilic groups of the chicken feathers. The main 

step of thermal decomposition for composites with chicken feathers occurs between 200 °C 

and 450 °C where the material loss around 60% from its mass. From 450 °C to 650 °C take 

place the oxidative thermal degradation of ≈ 25‒30% of the CF composite weight mass. For 

the material with CFP or CFM the third step of thermal degradation arises faster than that of 

the neat matrix or of the composite with lignin. 

3.2.2.2. Dynamic mechanical thermal analysis (DMA) 

Dynamic mechanical analyses (DMA) were used to analyse the mechanical properties 

of the humins-based resins and their bio-composites. A sinusoidal stress was applied to 

determine the storage and loss moduli but also the damping factor of these materials. The effect 

of temperature and of the bio-fillers presence in the thermoset matrices on the storage modulus 

(E’) and loss modulus (E’’) of the samples at a frequency of 1.0 Hz are given in Figure 3 and 

Table ESI2.  

According with the obtained data the filler influences both moduli of the materials. The 

storage modulus value in the glassy region (at around -70 °C) drops considerably in presence 

of the bio-filler in the polymer matrix. The order in which the E’ decreases for all three resins 

and composites materials is as follows: Resins > Composites with 10L > Composites with 

10CFP > Composites with 12CFM. Nevertheless, it is important to emphasize the composite 

behavior at higher temperatures, in the rubbery region. Is already know from literature69,70 that 

in the rubbery plateau, the storage modulus depends highly on the density of the material’s 

crosslinks such that the bigger the crosslinking density of the materials, the smaller the drop 

of the storage modulus value. In the case of composites with lignin, the loss modulus values 

in the glassy region are similar to that of neat resins, meanwhile a significant increase occurs 

in the case of composites with feathers, the highest being for the materials with CFM. We can 

observe that for HP40B5 system, the addition of 12 wt.% CFM increases with four times the 

E” modulus value in glassy plateau (from 1 to 5 MPa), while for the HG40B5 the increase is 

up to eight higher compared to the neat matrix (from 6 to 42 MPa). ). Also, the DMA tests can 

generate important information about a mechanical parameter important in the design and 

production of materials, namely their brittleness (B). Following the studies developed by W. 
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Brostow et al.71–73 it has been shown that the brittleness (B) of the materials is inversely 

proportional to the storage modulus (E’) at a frequency of 1.0 Hz. 

The crosslinking density of the materials was also calculated (Table ESI2) using the 

Flory’s theory74 and compared with the values obtained for the neat resins. In the Figure 4 is 

represented the evolution with temperature of the damping factor of the resin’s materials and 

their bio-composites. The damping factor was determined by the ratio between the loss and 

the storage moduli (E’’/E’) and showing the width of the glass transition regions of the 

materials.75. For the composites with 12CFM it can be observed a decrease of the intensity of 

tan δ peak and also a shift of its maximum to lower temperatures compared with the neat resins 

which means that the reinforcement improves the elasticity of the materials. According to the 

maximum values of tan δ peak, CFP act differently on the polymer resin depending on its 

nature. From Figure 4a we can observe that the damping factor curves for the HP40B5 elastic 

matrix and for the composite with CFP are similar, showing the same height of the peak but 

the maximum of tan δ of the resin is higher with 5 °C compared with the composite. This 

Figure 3. Comparison of the evolution of storage and loss moduli vs. temperature for the three 

humins-based resins (black line) and their bio-composites with: Resin–10L (blue line), Resin–10CFP 

(red line), Resin–12CFM (green line) 
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similarity between the two curves may show that the chicken feathers powder is fully 

compatible and integrated in the elastic matrix composition, the crosslinking density being 

almost the same (0.7‒0.8 mmol cm-3). In the case of the rigid resin, HG40B5, the maximum 

value of tan δ is shifted to a lower temperature which means that the CFP filler acts like a 

plasticizer for the matrix.  

The thermal properties of the materials measured by DMA according with ASTM 

D7028-0776 were in accordance with the results obtained by DSC and are presented in Table 

ESI3. The density of materials is an important concept in terms of their use, representing the 

degree of compactness of materials; mathematically it is defined as mass divided by volume (ρ 

= m/v). So, two materials with the same weight can have different density, the lower dense 

material occupying more volume than higher dense material. Therefore, the resins and 

composites densities (Table 3) were determined and compared in order to analyze the influence 

of the bio-filler. 

 

  

Figure 4. Evolution with temperature of tan δ of the three resins and their bio-composites 
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Table 3. Density of the three resins and their related composites 

Sample 
Density (g cm–�) 

HP40B5 HP20G20B5 HG40B5 

Neat Resin 1.23 1.22 1.25 
Resin- 10L 1.25 1.28 1.29 
Resin- 12CFM 1.11 1.10 1.11 

Resin- 10CFP 1.10 1.11 1.01 

 

According with the literature, it was already reported10,11 that the properties of chicken 

feathers make them preferable for several applications due to their low-density (0.8 g cm-3) 

compared with that of the wool (1.3 g cm-3) or cellulose fibers (1.5 g cm-3). The density values 

determined for the HP40B5, HP20G20B5 and HG40B5 resins are 1.23, 1.22 and 1.25 g cm-3, 

respectively. As can be seen in Table 3, the addition of lignin to the polymeric matrix increases 

the density of the composites with approximately 0.02‒0.06 g cm-3 compared to the neat resins. 

For the composites developed with CFP or CFM, the low density of the chicken feathers 

decreased the density of the composites, thus obtaining values between 1.01 and 1.11 g cm-3. 

3.2.2.3. Tensile testing 

The mechanical properties of the materials are essential parameters determining the 

industrial area of their use. The Young’s modulus, tensile strength and the elongation at break 

of each type of humins-based resin were compared with the values obtained for the composites 

made with lignin, chicken feathers powder or mat and are presented in Figure 5 and Table 4. 

According with the reported results64,77,78, the reinforcement of polymeric matrix with chicken 

feathers decreases more or less the elongation at break or the tensile strength of the composites. 

Fully biodegradable bio-composite were developed by Aranberri et al.66 using three 

biodegradable matrices (polylactic acid (PLA), polybutyrate adipate terephthalate (PBAT) and 

a PLA/thermoplastic copolyester blend) and a high loadings of chicken feathers (50‒60 wt.%) 

as reinforcement. The authors investigated and compared the mechanical properties of the 

three matrices with those obtained for bio-composites with CF. It was observed that the 

addition of feathers affects the mechanical properties of the composites in comparison with 

the neat matrix (e.g. elongation at break from 570% for PBAT resin decreased to 2.5% for 

PBAT 50% /CF 50% bio-composite), but on the other way improved the lightweight and 

thermal-insulating of the materials converting them as a good alternative to wood-plastic 

composites. In another study67, were developed composites with poly(urea-urethane)/chicken 

feather fibers (different ratios) with similar mechanical properties to those presented in this 

study. The Young’s modulus of the composites developed by Aranberri et al.67 is range 1.2‒

410 MPa in function of the polymer/CF ratio, while for the bio-materials developed in this 

study is from 1 MPa to 800 MPa depending on the resin or filler nature.  
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From figure 5 we can highlight that the tensile stress values of all bio-composites were 

considerably improved compared to that of resins, but this improvement depends on the nature 

of the filler but also of the resin formulation. Considering the nature of the bio-filler, it can be 

observed that the tensile strength of the composites increases in the following bio-filler order: 

L < CFP < CFM, apart from the HG40B5 resin where the bio-composites with chicken feathers 

powder show the highest increase in tensile strength. In the case of HP40B5 ductile matrix, 

the tensile strength of the composite with lignin was improved with 13% compared with the 

neat resin. For the same matrix, the composite with 10CFP has a tensile modulus with 64% 

higher while the composite with 12CFM has a tensile value increased with 82% compared to 

that of the matrix. For the HG40B5 rigid matrix, the addition of lignin improved the tensile 

modulus with 12%, while the addition of 10 CFP enhanced the tensile strength with 76% and 

the addition of 12CFM with 68% compared with the neat resin. Such results could be the effect 

from a better stress transfer between the matrix and the bio-fillers. The elongation at break of 

the bio-composites decreases (depending on the nature of the filler) which shows that the fillers 

increased the materials’ rigidity. The stiffness of the obtained materials, defined by the 

relationship between stress and strain in the linear elasticity regime of a uniaxial deformation, 

are presented in Table 4 as Young's modulus values. As in the case of strain results, the values 

of the Young’s modulus were considerably improved for all three types of bio-composites, but 

the highest values were obtained for the composites with 12 wt.% CFM. For example, in the 

case of the HP40B5 elastic resin the Young’s modulus value was improved from 1 to 22 MPa, 

while for the HG40B5 (rigid resin) the increase was from 106 to 443 MPa. Consulting the 

MatWeb online database (http://www.matweb.com/index.aspx), the mechanical properties of 

the materials developed in this study have been compared with the commercial ones showing 

that have comparable performances for e.g. with Silicone Rubber/Fiberglass, Epoxy/Carbon 

Fiber Composites. 

Figure 5. Comparison between tensile properties of the neat resins and composites: a) tensile stress; 

b) strain of the materials 
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Table 4. Tensile properties of the three neat resins and composites materials 

 
Young’s Modulus  

(MPa) 

Maximum Stress 

(MPa) 

Maximum Strain 

(%) 
H

P
4
0

B
5

 Neat Resin 1.01 ± 0.08 0.41 ± 0.04 59.66 ± 3.53 

Resin–10L 1.60 ± 0.40 0.47 ± 0.13 52.02 ± 18.25 

Resin–10CFP 5.05 ± 1.18 1.13 ± 0.23 32.33 ± 3.94 

Resin–12CFM 22.36 ± 4.96 2.24 ± 0.18 21.37 ± 1.49 

H
P

2
0

G
2
0
B

5
 

Neat Resin 8.29 ± 0.61 1.22 ± 0.09 22.16 ± 2.3 

Resin–10L 105.85 ± 22.65 2.05 ± 0.17 4.82 ± 2.04 

Resin–10CFP 112.81 ± 27.84 5.19 ± 2.22 14.12 ± 6.41 

Resin–12CFM 134.02 ± 39.10 5.84 ± 0.90 10.66 ± 2.58 

H
G

4
0
B

5
 Neat Resin 106.1 ± 39.82 2.06 ± 0.55 6.49 ± 2.11 

Resin–10L 667.18 ± 260.91 2.34 ± 1.16 0.71 ± 0.42 

Resin–10CFP 346.30 ± 57.13 8.44 ± 1.25 4.17 ± 1.14 

Resin–12CFM 442.76 ± 17.92 6.41 ± 0.70 1.90 ± 0.26 

3.2.2.4. Water absorption 

The water absorptions of the neat resins and their bio-composites with 10 wt.% CFP, 

12 wt.% CFM and 10 wt.% L are represented in Figure ESI4. The samples were immersed in 

distilled water at 25 °C and have been maintained until they have reached a steady state. Both 

resins and composites were kept in the water for 11 days, their weight being measured daily. 

It can be observed that the water absorption (average value) of the neat resins increases with 

the increasing of the elasticity of the materials: HG40B5 (10.1% WA%) < HP20G20B5 

(11.3% WA%) < HP40B5 (13.4% WA%). For the composites with 10 wt.% L was observed 

an increasing of water absorption with around 2‒4% compared with the neat resins. In the case 

of bio-composites with 10 wt.% CFP and with 12 wt.% CFM the water gain is similar. By 

comparing the percentage of water absorbed by neat resins with that absorbed by the bio-

composites with CFP and CFM (≈ 24‒26% WA%), one can observe that the water absorption 

increases two times for the last one. According to the literature9,11,19,79, the high water gain of 

the composites with feathers compared with that of resins is mainly attributed to the high 

hygroscopic character of keratin from feathers. The results obtained are in agreement with the 

results already published39,66,67,80, in which the addition of CFP’s increases significantly the 

water absorption in a composite irrespective of the nature of the polymeric matrix.  

3.2.2.5. Scanning electron microscopy (SEM) 

To study the compatibility and the adhesion between the bio-fillers and the resins, the 

obtained composites were analyzed by SEM. In the Figure 6 are revealed the SEM results at 

different resolutions as 100 µm, 50 µm and 10 µm for the composites developed with 10 wt.% 

CFP.  
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The surface’s fracture of the composites was analyzed to evaluate the adhesion of the 

matrix on the chicken feathers but also the appearance of the resin. It can be observed that the 

compatibility between chicken feathers and humins-based matrix is very good, we cannot 

observe spaces or voids between the humins polymeric matrix and the CF fibers. It can also 

be seen that the humins matrix remains attached to the fibers after the sample fracture. In the 

same time, the surface of the humins-matrix shows a smooth and homogeneous appearance. 
   

3.3. Conclusions  

In this study, bio-composites were developed using three types of humins-based resins 

and chicken feathers powder, chicken feathers non-woven mat or lignin. The influence of 

nature and amount of filler on the crosslinking reactions were studied by DSC analyses and 

rheology and compared with the corresponding neat resins. Therefore, the thermomechanical 

properties of the obtained bio-composites were investigated. The thermal stability of the 

a) 100 µm b) 50 µm 

c) 10 µm d) 10 µm 

Figure 6. SEM images for HG40B5 composites with 10 wt.% CFP 
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composites was maintained or improved with around 20‒30 °C compared with the resins. The 

DMA analyses show that the filler influences the storage modulus of the bio-composites. In 

the glassy region (-70 °C) this modulus significantly decreases for all bio-composite materials. 

In the rubbery plateau, the E’ values of the composites with lignin are similar with that of neat 

resins, while that of the bio-composites with chicken feathers increased considerably. It has to 

be noticed that not only the nature of the filler influences the mechanical properties of the 

materials, but also its form, the composites with chicken feathers powder having a lower value 

of the storage modulus compared to the materials developed with chicken feathers mats.  

The mechanical tensile properties of the bio-composites were considerably improved 

compared with that of the resins. In the case of the ductile matrix the tensile modulus increased 

by 82%, in presence of 12CFM, while for the rigid matrix the increase was till 76% with 

10CFP. Then, for the ductile matrix the Young’s modulus value was improved from 1 to 22 

MPa, while for the rigid matrix the increase was from 106 to 443 or 667 MPa, in the case of 

composites with chicken feathers non-woven mat or lignin. 

The addition of the bio-fillers in the humins matrix affect the water absorption 

behavior. The bio-composites with lignin show an increase in water stability of about 2‒4% 

compared to the neat resins, while that with feathers increased twice times. The compatibility 

between humins-based resins and the chicken feathers is excellent, a very good adhesion 

between the polymer matrix and the reinforcing material was observed by SEM. 

In conclusion, humins-based resins were successfully reinforced with natural and 

valuable bio-fillers obtained by industrial wastes, thus obtaining eco-friendly composite 

materials with properties that could recommend them for various industrial applications. 

3.4. Experimental 

3.4.1. Materials 

The main component of the elaborated resins is represented by the humins, an industrial 

by-product, produced and supplied by Avantium Chemicals at their Pilot Plant in Geleen, The 

Netherlands. To obtain thermoset resins, humins were mixed with comonomers like 

poly(ethylene glycol) diglycidyl ether (PEGDE) and glycerol diglycidyl ether (GDE). As 

crosslinking initiator was used the N,N-Dimethylbenzylamine (BDMA). Except the humins, 

all the chemicals were purchased from Sigma-Aldrich and used as received. The protocol of 

resins’ preparation was described elsewhere.81 To develop composites, the humins-based 

mixtures were combined with different industrial wastes like chicken feathers (from food 

industry) or lignin (from biorefineries) which were used as structural elements for reinforcing 

the humins polymeric matrix. The fractioned Kraft lignin used in this work is a brown powder 

with a weak odour, a pH ranged between 2.5–7 and sulfur content 1–3%. This product is not 
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soluble under acidic condition, but is soluble under alkaline condition, in DMSO, and was 

supplied by VTT Technical Research centre of Finland. The chicken feathers were firstly 

cleaned at 95 °C for 2h with a neutral cleaning solution, bleached with hydrogen peroxide 

(4%) for 14h and then were sterilized by Grupo SADA p.a.S.A from Spain. The sanitised 

chicken feathers were then grinded and supplied by Institute of Biopolymers and Chemical 

Fibres (IBWCh) from Poland. In order to produce the humins/chicken composites, two 

different types of chicken feathers were tested like powder- and non-woven fibres. Chicken 

feather powder (CFP) were obtained using a Planetary Ball Mill (Type: XQM–16 A) and an 

industrial shredder with a smooth adjustment (Type: MK 15–200 B–S) in order to achieve a 

high degree of fragmentation (10–250 µm). The non-woven chicken feathers mat (CFM) were 

produced by IBWCh by combining 90 wt.% chicken feathers fibres with 10 wt.% bicomponent 

synthetic fibres, core PET, Type T25 Biko flat 2.2 dtex, semi-matte, used in the production of 

wet-laid non-woven.82 

3.4.1.1. Samples preparation  

The humins-based resins were developed as previously described81 by mixing the 

required amount of humins with the comonomers (PEGDE and GDE) and the initiator 

(BDMA), thus obtaining three different kind of resins with mechanical properties ranging from 

elastic to the rigid. For an easier identification of the resins, acronyms have been used, 

depending on the composition, to name the mixtures as follows: Humins55% /PEGDE40% 

/BDMA5% = HP40B5 for the flexible resin, Humins55% /PEGDE20% /GDE20% /BDMA5% 

= HP20G20B5 for the semi-elastic matrix and Humins55% /GDE40% /BDMA5% = HG40B5 

for the rigid one. The bio-composites in which 10 wt.% of chicken feathers powder (CFP) or 

10 wt.% lignin (L) act as bio-filler components were made by combining the fresh resins 

mixtures with the required amounts of filler by mechanically mixing, continuously, until the 

mixture was completely homogenized. The mixtures of resin/chicken feather powder or 

resin/lignin were poured in a rectangular metallic mould (150 × 150 × 4 mm3) and cured using 

a heated press (Bench Top Manually Heated Mini CH 5420 Model Press, Carver Inc.) for 4 

hours at 130 °C and 2 metric tons pressure. The composites with chicken feathers mat were 

developed using a hand lay-up technique in order to obtain a humins/chicken feathers prepreg. 

Composite panels with non-woven chicken feathers fibres were consolidated from three plies 

of mats; the number of plies was selected to achieve a thickness of approximately 0.4 cm. In 

the rectangular metallic mould covered with Kapton film to facilitate an easy removal of the 

laminate, a layer of resin was poured. Thereafter, the first non-woven mat was laid in the mould 

being covered with a second layer of resin. The composites were placed between the platens 

of the Carver press and cured during 4 hours at 130 °C and 2 metric tons pressure. After curing 

under compression, the samples were cooled and removed from the metallic moulds. 
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Following the calculation, it was determined that the 2 plies of mats represent 12 wt.% of the 

total weight of the CF mat in the composite. The acronyms of the composites were reported as 

the “resin name” then complementing with the initials of the filling present in the composite. 

The chicken feather powder was abbreviated with “CFP”, the lignin with “L” and the chicken 

feathers mat with “CFM”. So, if the material was developed combining the HG40B5 resin with 

10 wt.% CFP, the final composite was called HG40B5–10CFP. 

3.4.2. Experimental techniques 

3.4.2.1. Density of the composites 

The ISO 9427 standard was used to experimentally determine the density of the 

humins-based resins and composites. Five rectangular samples (50 × 8 × 4 mm3) of each 

specimen with a known volume were weighed. The density of the samples was then calculated 

as the ratio of the mass to volume.  

3.4.2.2. Differential Scanning Calorimetry (DSC) 

A DSC 3 Mettler-Toledo apparatus controlled by STARe Software developed by 

Mettler-Toledo was used. The calibration of the instrument heat flow and temperature was 

done using water, indium and zinc standards. Samples of 10‒15 mg were placed into 100 µL 

aluminum crucibles. The crosslinking reaction were studied under non-isothermal conditions, 

at a heating rate of 10 °C min-1 under air flow (150 mL min-1), over a temperature range of 25‒

250 °C. The reactions’ enthalpies of humins-resins and fillers mixtures were normalized to the 

mass of resin in the analyzed compositions. After the curing of the materials, the DSC was 

also used to determine the first-order transitions like eventual residual exothermy or the 

second-order transitions like the glass transitions of the obtained materials and composites. 

Samples of crosslinked humins-based composites with the mass between 9‒12 mg were 

scanned at 10 °C min-1 under air flow (150 mL min-1) from -50 °C to 180 °C. 

3.4.2.3. Rheometry 

To determine the influence of the bio-fillers on the cross-linking process different 

amounts of chicken feathers powder or lignin were added to the reactive resins mixtures and 

then analysed by rheometry. Rheological measurements were conducted under nitrogen 

atmosphere in an Anton Paar MCR-302 rheometer using disposable plate-plate geometries (25 

mm diameter and 1 mm gap). The measurements were made at a scan rate of 0.2 °C min-1 from 

50 °C to 200 °C. To determine the storage modulus (G’) and loss modulus (G’’) but also the 

complex viscosity of the samples, the measurements were conducted by oscillatory shear 

experiments with an angular frequency of 10 rad s-1 and a deformation of 0.2%. 
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3.4.2.4. Thermogravimetric analysis (TGA) 

Thermal stability of humins-based composites was studied using thermogravimetric 

analysis (TGA). The mass loss and its derivative as a function of temperature for the cured 

samples were evaluated using a TGA 2 Mettler-Toledo over a temperature range of 25 °C–

1000 °C under oxidative atmosphere (150 mL min-1) and a heating rate of 10 °C min-1. Samples 

with the mass between 10–15 mg of each formulation were placed into 70 µL alumina pans 

and analysed three times for average calculation.  

3.4.2.5. Dynamic mechanical analysis (DMA) 

Mechanical properties of the composites (storage modulus E’, loss modulus E’’ and 

damping factor tan δ= E”/E’) were analysed in a DMA 1 by Mettler-Toledo using a three-

point bending fixture at an oscillatory frequency of 1.0 Hz and an amplitude of 20 µm. The 

rectangular samples with the dimensions of 48 × 8 × 4 mm3 (length × width × thickness) were 

analysed three times and the values averaged. The temperature ramp was selected from -150 

to 180 °C at a heating rate of 3 °C min-1 under nitrogen atmosphere. 

3.4.2.6. Tensile testing 

The tensile properties of the materials were determinate by a universal testing machine 

Instron, Norwood, MA, USA model 3365, controlled by BlueHill Lite software developed by 

Instron (Norwood, MA, USA). For the test, a crosshead speed of 10 mm min-1 was used on 

samples of dimension 75 × 10 × 4 mm3 (length × width × thickness). 

Ten samples for each formulation were tested in order to evaluate the average 

calculations of mechanical properties like Young’s modulus, tensile strength, and elongation 

at break. 

3.4.2.7. Water absorption 

Water absorption of the humins-based resins and composites were determined by 

immersion of the samples in distilled water at 25 °C in accordance with the ASTM D570 

standard test method.83 In the first step, the rectangular test specimens (50 × 8 × 4 mm3) were 

dried in an oven at 50 °C for 24h, after cooled in a desiccator and immediately weighed. Then, 

the specimens were immersed in distilled water and maintained at room temperature for 24 

hours. At the end of the 24h, the samples were removed from water and all the surface water 

wiped off with a dry cloth. Thereafter, the so prepared specimens were weighed and 

immediately immersed again in distilled water and then the percentage of absorbed water 

(%WA) was calculated. 

3.4.2.8. Scanning electron microscopy (SEM) 

The morphology of fracture surfaces of the bio-composites but also the compatibility 

between the humins based matrix and the filler were investigated by scanning electron 
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microscopy (SEM). The sample were analyzed using a Tescan Vega XMU SEM at an 

accelerating voltage of 5 kV. All samples were coated with platinum prior to observations. 
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Table ESI 1. Rheology data for the HG40B5 resin and the mixtures with different amount of filler 

System 

Gelling point 

(reaction interval) 
(°C) 

G’ 

(at Start & End) 
(Pa) 

G’’ 

(at Start & End) 
(Pa) 

Viscosity 
(at Start & End) 

(Pa s) 

Neat Resin 
86 

(65–115) 
5–290 x103 24–16 x103 3–15 x103 

Mix with 
CFP 

5% CFP 
83 

(60–105) 
27–150 x103 200–12 x103 20–15 x103 

10% CFP 
84 

(60–105) 
57–220 x103 126–17 x103 14–21 x103 

15% CFP 
83 

(60–105) 
560–410 x103 458–11 x103 76–22.5 x103 

Mix with 
Lignin 

10% L 
85 

(60–115) 
4–600 x103 29–13 x103 3–11 x103 

20% L 
87 

(60–115) 
5–300 x103 22–20 x103 2–13 x103 

30% L 
88 

(60–115) 
9–400 x103 50–15 x103 5–10 x103 

Figure ESI 1. Rheology study on the influence of the CFP amount in the HG40B5 curing system. 

Evolution of viscosity with temperature during curing 
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Figure ESI 2. Rheology study of the influence of the bio-fillers amount in HG40B5 humins-based 

resins curing systems 

 

Figure ESI 3. Thermogravimetric analyses of humins based materials at 10 °C min–1 under air flow. 

Comparison between resins and composites 
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Table ESI 2. Mechanical properties of the humins-based resins and composites according with the 

DMA analysis 

Sample 
Tan δ (°C) 

(peak °C range) 

Peak 
height 

(Tan δ max) 

E’ at Glassy 
Plateau (–70 °C)  

(MPa) 

E’ at Rubbery 
Plateau (150 °C) 

(MPa) 

υ  
(mmol cm–3) 

H
P

4
0

B
5

 

Neat Resin 
30 

( -50–150) 
0.76 4840 1 0.07 

Resin–10L 
44 

( -53–147) 
0.47 3288 1.4 0.12 

Resin–12CFM 
30 

( -40–115) 
0.57 3865 4.5 – 

Resin–10CFP 
25 

( -55–155) 
0.76 4835 1.2 0.08 

H
P

2
0
G

2
0

B
5

 Neat Resin 
49 

( -35- 158) 
0.5 5304 4.5 0.43 

Resin–10L 
54 

( -30–145) 
0.87 4985 3.2 0.33 

Resin–12CFM 
42 

( -65–135) 
0.44 3794 15.7 – 

Resin–10CFP 
55 

( -30–140) 
0.6 4030 8 0.76 

H
G

4
0
B

5
 

Neat Resin 
71 

( -25–167) 
0.4 6191 5.7 0.56 

Resin–10L 
66 

( -22–150) 
0.68 4278 6.1 0.65 

Resin–12CFM 
52 

( -23–144) 
0.35 3940 41.8 – 

Resin–10CFP 
61 

( -40–144) 
0.5 3498 12.1 1.20 

 

 

Table ESI 3. Comparison of glass transition (Tg) of materials by DSC and DMA; Shore hardness result 

 

HP40B5 HP20G20B5 HG40B5 

Neat 
Resin 

Resin–
10L 

Resin–
12CFM 

Resin–
10CFP  

Neat 
Resin 

Resin–
10L 

Resin–
12CFM 

Resin–
10CFP 

Neat 
Resin 

Resin–
10L 

Resin–
12CFM 

Resin–
10CFP 

Tg (°C) 
(DSC) 

-8 -2 -13 -9 1 16 2 3 27 27 20 13 

Tg-loss 
(°C) 
(DMA) 

-10 -3 -15 3 -2 13 2 15 26 30 20 18 

Tg-onset 
(°C) 
(DMA) 

-11 -4 -18 -1 -4 16 0 11 27 37 17 19 

Shore 
hardness 
SD 

44 40 37 37 59 75 66 72 72 85 86 77 
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Figure ESI 4. Water absorption in function of time. Comparison between resins and composites 
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This chapter is based on Roxana Dinu and Alice Mija, “Sustainable Thermosets Obtained 

by Copolymerization of Humins with Triglycidyl Ether of Phloroglucinol”, Journal of 

Materials Science Research, ����, � (�),"-"$, doi: "�.''(�/jmsr.v�n"p" 

 

 

 

 

Abstract 

 

 

 

The environmental pollution is growing continuously being a worldwide problem. 

Production and use of petroleum-based materials but also huge quantities of industrial wastes 

are important factors that affect the well-being of the environment. New scientific researches 

place great emphasis on waste valorization, and also on developing new environmentally 

friendly bio-based materials. In this work we focus on the valorization of humins, a biorefinery 

side product, by its copolymerization with a bio-based triepoxide. In this manner we produce 

materials with a bio-based carbon content (BCC) ≈ 94%. The physico-chemical and mechanical 

properties of the cured bio-based resins were investigated using different technics as TGA, 

DMA, Shore hardness test, water absorption and solvents resistance. It was revealed that the 

obtained materials present very good mechanical properties with values of E’ in glassy region 

≈ 3.7–5 GPa. The tan δ – maxima of the three humins-based resins are ranging from 122 to 154 

°C. The thermosets’ hardness values ≈ 82–85 SD confirm the stiffness of these materials. 
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4.1. Introduction 

Plastics or synthetic organic polymers are extremely highly used materials, their 

production and employment increasing significantly and exceeding almost all others human-

developed materials. Most plastics materials use in their production fossil derivatives as raw 

materials, and commonly these used plastics are non-biodegradable, which leads to ecological 

disaster by the huge quantities of waste generation. The use of fossil derivatives and the 

production of non-biodegradable waste are some of the biggest problematics of the 21st 

century, namely the pollution of the environment.1,2 According to statistics, in 2015 were 

generated 6300 Mt of plastic waste, of which 9% were recycled, 12% incinerated and 79% 

were deposited in landfills or in nature.3,4 In order to combat these major problems, intense 

research has begun on the development of materials from bio-resources and industrial waste. 

This work proposes to develop new green thermoset materials based on biorefineries side-

products like the humins and a bio-based monomer as triglycidyl ether of phloroglucinol 

(TGPh).  

The epoxy resins represent an one of the most important class of thermosetting 

materials that are used in many sectors of applications, such as automobiles and transports, 

constructions and civil constructions, electrical and electronic energy, packaging, etc.5,6 The 

epoxy group can undergo a myriad of chemical reactions by following a wide variety of 

mechanisms so to produce materials with a wide range of properties. In this work we propose 

the study of a green epoxy monomer in order to develop sustainable thermoset materials: i.e. 

the triglycidyl ether of phloroglucinol. Phlorotannins are polyphenol compounds found in 

marine brown algae or in the bark of fruit. These compounds are present in non-vascular plant 

tannins, being composed of phloroglucinol (1,3,5-trihydroxybenzene) units with different 

degrees of polymerization.7,8 Due to the abundance in the aquatic environment of this 

polyphenols as well as its bioactivity and its beneficial effects on health (antioxidant, anti-

allergic, anti-carcinogenic, anti-inflammatory activity, etc), researches on their potential uses 

in the medical field has increased considerably.9–11 Also, intensive researches are being carried 

out on the use of phloroglucinol as a renewable resource in the development of various 

monomers in order to limit the environmental impact of the production of polymers. In order 

to develop fully bio-based flame-retardant epoxy resins, Menard et al.6 functionalized the 

phloroglucinol by glycidylation and/or phosphorylation, the obtained monomers being cross-

linked with a bio-based diamine. In the first step, these bio-based flame-retardant epoxy resins 

were analyzed in order to identify the influence of the chemical structure of monomers and 

hardeners on the thermal and fire properties of the thermosets. After, the obtained resins have 

been compared to a conventional DGEBA-IPDA control to determine their overall thermal and 
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fire behavior. In another study, Ng el al.12 developed novel food contact low-toxic epoxy 

coatings based on bio-based epoxy compounds as epoxidized cardanol, diglycidyl ether of 

vanillin or triglycidyl ether of phloroglucinol and dicyandiamide. This green monomer was 

involved also in the development of other categories of materials such as porous carbonaceous 

materials used as adsorbents in chemical and environmental fields13,14 or electrode materials 

for high-performance supercapacitors.15,16 Due to its versatility, but also its abundance in 

nature, phloroglucinol represents a potential alternative to fossil compounds in the materials 

industry. 

Humanity evolution and the standard of living has led to a significant increase in the 

consumption of chemicals, energy and fuels, these compounds being generally obtained from 

non-renewable and exhaustible fossil raw materials. A valuable and abundant alternative 

sustainable feedstock for the conversion into chemical-platform molecules is represented by 

lignocellulosic biomass. The largest constituents of lignocellulose are the carbohydrates such 

as cellulose and hemicellulose, representing about 70–80 wt.% of this biomass.17 Conversion 

of these carbohydrates into valuable chemical-platform molecules as 5-hydroxymethyl furfural 

(HMF), furfural (FF) and levulinic acid (LA), taking place under acid-catalyzed hydrolysis, 

represent an important part of the biorefinery concept. Besides the production of valuable 

chemical building blocks, the dehydration of sugar generates also the formation of dark-colored 

viscous by-product.18 This polymeric side-product called humins, is a complex and 

heterogenous product, lacking a well-defined molecular structure. In order to streamline the 

biomass conversion through biorefineries processing, a good knowledge and understanding of 

physico-chemical properties and potential of application of the humins by-product are required. 

To elucidate the molecular structure and morphology of this by-product, Van Zandvoort et al.19 

studied different laboratory humins products as a function of feedstock and processing 

parameters. The reaction conditions were established with the purpose of an ideal simulation 

of the typical biorefinery operations. Following the investigation of the laboratory humins 

developed by dehydration of D-glucose, Hoang20 observed that this by-product has a variable 

furan structure that contains a variety of functional groups such as alcohol, acid, ketone and 

aldehyde. Based on the studies so far, humins are carbon-rich agglomerate particles, composed 

of approximately 50–65 wt.% C, 29–46% wt.% O, and 4–5.5 wt.% H, depending on the process 

parameters and feedstock.21–23 Until recently, due to the variation of the degree of branching 

and the molecular mass of humins oligomers depending on the production process, the 

industrial uses of this by-product were limited only to the conversion of energy and power by 

gasification or combustion.24,25 Furthermore, the complex structure and the abundance of 

different functional groups convert the humins into a promising renewable material for new 

innovative end-products such as absorbents for wastewater treatment, insulation materials, 
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support for solid catalysts or furanic resins and composites for different industrial sector 

applications.26–29 In our previous studies,30–32 the industrial humins were intensely studied and 

converted into valuable bio-materials. For example, industrial humins were copolymerized 

with aliphatic diglycidyl ethers obtaining different thermoset resins.31 By tailoring both the 

composition and the process parameters of the resins, their physico-chemical and mechanical 

properties have been modulated, thus obtaining a variety of materials, from elastic to rigid for 

a large industrial applications area. In another study, Pin et al.30 developed fully bio-based 

furanic resins by combining the industrial humins with polyfurfuryl alcohol (PFA). Thereafter, 

PFA/humins thermoset resins were used as matrices in the development of composites, where 

cellulose acted as reinforcing materials. 

Given that the need to replace fossil materials with renewable ones is increasing, the 

purpose of this study is the development of sustainable materials. The copolymerization study 

of the humins with triglycidyl ether of phloroglucinol, initiated and/or accelerated by various 

compounds and the reactivities of the obtained systems were already explained in detail in our 

previous work.33 The physico-chemical and mechanical properties of the humins-based 

thermoset resins were analyzed in this study using different techniques and methods such as 

differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), dynamic 

mechanical analysis (DMA), Shore hardness test, water absorption or chemical resistance test 

in order to determine their potential uses at industrial level. 

4.2. Results and Discussion 

4.2.1. DSC study of the humins - TGPh copolymerization reactions 

The first objective of this work focused on establishing the thermodynamical 

parameters of copolymerization reactions and crosslinking but also on the elaboration of the 

optimal compositions for the development of the humins-based sustainable materials. The 

proof of the copolymerization, the chemical connectivity between the two comonomers, their 

molecular structure and their reactivity were elucidated by ATR-FTIR and NMR 

spectroscopies in our previous study.33 In order to study the thermodynamic processes of the 

copolymerization, different formulations, in different ratios of humins, TGPh and 

BDMA/DMP-30 were studied by DSC. Firstly, mixtures between humins and TGPh in 

different ratios were analyzed to select the optimal ratios for the development of new resins. In 

Figure 1 are revealed the DSC thermograms during heating of humins/TGPh reactive mixtures 

without catalyst or accelerator.  

An important objective in this study is the valorization in large quantities of the humins, 

the biorefineries’ side-product. Considering this aspect, four different ratios, in which humins 
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represents the major compound of the mixture, were tested. In Figure 1 we can observe that all 

four mixtures have a good humins vs. epoxy reactivity even if in these systems we didn’t used 

any catalyst. Although the reactivity between the two compounds is present, in the case of 

mixtures with 10–30 wt.% TGPh, the appearance of an endothermic peak between 200–230 °C 

can be observed in Figure 1 thermograms. These peak displays that the amount of epoxy 

compound is insufficient for the complete crosslinking of humins, so the unreacted humins 

begins to degrade at around 200 °C. This behavior was confirmed by TGA analysis, not 

presented here. As can be seen in Figure 1, the mixture with 60 wt.% humins and 40 wt.% 

TGPh (purple line) reveal a good reactivity and the degradation of humins is not anymore 

present. To optimize the crosslinking process, i.e. to decrease the reaction temperature interval 

so also the maximum crosslinking temperature, different catalyst/accelerator ratios were tested. 

The DSC thermograms of the evolution of different mixtures in function of temperature are 

presented in Figure 2, and the values of the copolymerization’s enthalpies and temperatures of 

reaction are summarized in Table 1. 

 

It can be observed that the addition of the catalyst and accelerator improves the 

copolymerization reactivity and decreases considerably the onset of thermal reactions and the 

Tmax of the reactions. In the presence of the activating species, i.e. the catalyst and/or the 

accelerator, a complex reactivity is exhibited in all the formulations since two exothermic peaks 

can be observed in Figure 2. A first exothermal reaction occurs at around 100 °C. This reaction 

occurs very fast, with a rapid increase of the curve’s slope and could be mainly attributed to 

the accelerator’s contribution on the crosslinking. In the presence of the accelerator the TGPh 

Figure 2. DSC thermograms during heating at 

10 °C min-1 of humins–TGPh copolymerization 

systems at different % ratios accelerator (A) and 

catalyst (C) 

Figure 1. DSC thermograms obtained during 

heating at 10 °C min-1 of humins/epoxide reactive 

mixtures at different ratios (w/w %), without 

catalyst or accelerator 
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ring opening occurs very fast promoting both TGPh homopolymerization and crosslinking via 

-OH functions from the humins.33 The second reaction occurs at around 140–148 °C 

(depending on the system) and is mainly the result of the catalyst contribution on the 

copolymerization. In our previous study of chemical mechanism of this copolymerization, an 

anionic mechanism of polymerization is involved. In the presence of the catalyst the initiation 

is the determinant step with the nucleophilic attack of the BDMA to the epoxy ring from TGPh. 

Then, the propagation occurs via a transfer proton between the TGPh adduct and the -OH from 

the humins. The copolymerization reactions is accompanied by humins structural 

rearrangements γ-keto acid cyclization, γ-keto esterification, favored at high temperatures (> 

130 °C).33 We can notice that in the systems containing both activating species we can identify 

an additional contribution of each species. 

Three different formulations were selected to be developed and analyzed: like the mix 

with 5 wt.% catalyst (BDMA), that with 5 wt.% accelerator (DMP-30) and the equal 

combination between the two (2.5/2.5 wt.%). The obtained DSC results show that the addition 

of 5 wt.% BDMA or 5 wt.% DMP-30 produce reactions with similar enthalpy values (≈ 290 

J.g-1) and intervals of temperature between 45 °C to 190 °C. The difference appears in the Tmax 

of the reactions that is around 106 °C for the system with accelerator, HuEpA, but much higher 

148 °C for the system with catalyst, HuEpC. The third selected formulation containing the 

2.5/2.5 wt.% of BDMA/DMP-30 combination reveals the highest enthalpy of reaction ≈ 365 

J.g-1. The onset of crosslinking for HuEpAC is at 40 °C, reaching the maximum rate at 142 °C. 

It can also be seen for this formulation that the crosslinking’s completion is similar with that 

of HuEpC and HuEpA systems, the DSC heat flow reaching a quasi-linear response at ≈ 195 °C. 

Table 1. DSC results of the humins/TGPh copolymerization at different catalyst/accelerator ratios 

 Hu/Ep- 

5C 

Hu/Ep- 

5A 

Hu/Ep- 

2.5A + 2.5C 

Hu/Ep- 

2A + 3C 

Hu/Ep- 

3A + 2C 

Hu/Ep- 

1A + 4C 

Hu/Ep- 

4A + 1C 

Reaction Tmax 

(interval) (°C) 
148 ± 1 

(54-193) 

106 ± 1 

(45-182) 

142 ± 1 

(38-194) 

143 ± 1 

(38-198) 

136 ± 1 

(34-190) 

142 ± 1 

(42-188) 

108 ± 1 

(38-183) 

Enthalpy of 

reaction (J.g-1) 
276 ± 3 294 ± 3 365 ± 3 350 ± 3 333 ± 3 321 ± 3 313 ± 3 

4.2.2. Physico-chemical and mechanical properties of bio-based 

thermosets 

Dynamic mechanical analysis was used to investigate the correlation between the three 

selected formulations on the materials properties. The three systems selected here aim to 

highlight the influence of the copolymerization initiation step on the viscoelastic behavior of 

final materials. Even if the overall chemical mechanism of reactions is very complex in the 

case of humins macromonomer, through these three systems we can observe that the obtained 
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materials have differences in their thermomechanical behavior, so different copolymers’ 

network structure. 

The DMA tool was used in particular to determine materials’ stiffness and mechanical 

damping characteristics. For polymers’ applications the stiffness represents the parameter of 

prime importance. The moduli of polymers show strong dependence on temperature34, such 

that the effect of temperature on the elastic response (E’ - storage modulus) and on the viscous 

response (E’’ - loss modulus) of the three thermoset materials were analyzed. In the Figure 3 

are depicted the moduli vs. temperature curves for the three obtained thermosets, in which three 

regions of viscoelastic behavior are evident: a glassy region followed by a transition from the 

glassy to rubbery and finally the rubbery plateau. 

The storage modulus is continuously decreasing with the temperature between -75 to 

200 °C, behavior explained by the increasing of the chains free volume with the thermal 

expansion. The two materials containing the catalyst (HuEpC and HuEpAC) have similar E’ 

values in the glassy region of ≈ 5 GPa, while for material with the accelerator (HuEpA) the 

value of E’ decreases at ≈ 3.7 GPa. Although the resin only with accelerator has a low value of 

the storage modulus in the glassy region, the onset of its drop to the rubbery region occurs at 

higher temperature compared to the thermoset prepared with the BDMA catalyst. The elastic 

response of the resins in the rubbery region depends highly on the density of the materials 

crosslinks. The smallest drop interval value between the glassy and rubbery region appears for 

the system with the accelerator, the HuEpA thermoset (≈ 40 MPa), thus presenting the highest 

crosslink density. This value is followed by that of HuEpAC resin (35 MPa), the last being the 

formulation developed only with the catalyst (≈ 26 MPa). The crosslink densities values and 

the average molecular weight between crosslinks (Mc) of the humins-based resins were also 

Figure 3. Viscoelastic behavior as a function of temperature for storage (continuous line) and loss 

(dotted line) moduli as results measured by DMA of the three humins-based thermosets 
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calculated and given in Table 2. A significant mechanical parameter that should be considered 

in products’ design and development is represented by their brittleness (B). According with 

studies developed by W. Brostow et al.35–37 the storage modulus (E’) of the materials is 

inversely proportional to brittleness (B), which means that the humins-based resins with high 

storage modulus such as HuEpC and HuEpAC, are less fragile compared to HuEpA material. 

Since the viscoelastic properties of the thermosets vary with both temperature and time, 

the study of time dependence or frequency of viscoelasticity was performed for the materials 

characterization. The viscoelastic curve, called master-curve is using the Time-Temperature 

Superposition principle.38,39 The mechanical properties of the three humins-based resins were 

analyzed by DMA in the frequency range 10 Hz to 0.1 Hz at a logarithmic increment of 10 

steps/decade, under isothermal conditions at different temperatures between -25 °C to 250 °C. 

The obtained dynamic mechanical data were collected, and the storage moduli plotted as a 

function of frequency. To obtain the master-curves for each thermoset, each isotherm was 

shifted (left or right) = f (log frequency) axis relative to the reference temperature Tref = 125 °C. 

Figure 4 shows the storage modulus master curve for each humins-based thermoset materials.          

The storage modulus curves obtained at T > Tref were moved at lower frequencies, and 

the curves measured at T < Tref were moved at higher frequencies in order to achieve the 

maximum data overlap. The shifting of the curves was done in this way to ensure that each 

Figure 4. Master curve of storage modulus of humins/epoxy thermosets: a) HuEpC, b) HuEpA, c) 

HuEpAC obtained after using common shift factor 
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curve fits the slope of its immediate neighbor. The master curves for all the three humins-based 

thermosets were generated in order to understand the effect of crosslink densities of the 

networks on the viscoelastic properties of the materials. From Figure 4 it can be seen that the 

viscoelastic transition region of the thermoset resins was shifted to higher frequency scales 

with the decrease of the crosslink density (Table 2) of the bio-resins. 

Another important parameter that generates valuable information regarding the 

physico-chemical and mechanical properties of the polymers is represented by the glass 

transition region of the materials. It is known that the glass transition of the materials is not 

only a value of the transition between the states of thermodynamic equilibrium and is 

represented by the reversible transition interval from a hard and relatively fragile state into a 

molten or rubbery state. The glass transition is a dynamic phenomenon being directly 

dependent on physico-chemical and mechanical factors such as the thermal history of the 

material, rate of temperature and also the standard/technique used for characterization.40 

According with ASTM E1640-13 and ASTM D7028-0741,42 the glass transition region of the 

materials can be determined from the DMA results using three different methods like the onset 

of the storage modulus drop (Tg-onset), the peak of the maximum of the loss modulus (Tg-loss), 

and the maximum value of the damping factor (tan δ). Another technique to determine the glass 

transition phenomenon (Tg) of the materials is the DSC. The glass transition obtained by DSC 

and the transitions resulting from DMA analysis are used as synonyms because both are trying 

to model the same molecular phenomenon namely the coordinated chain motions in the 

network. Meanwhile, the Tg-DSC is measured under no mechanical stress being just the effect of 

the temperature on the chain’s mobility, the transitions by DMA are measured under 

mechanical stress at a given frequency. The obtained values could be quite different depending 

on the frequency used for mechanical stress.43 The evolutions of the tan δ of the humins-based 

materials in function of the temperature are plotted in Figure 5 and the Tg values obtained by 

DMA and DSC summarized in Table 2.  

Figure 5. Loss factor (tan δ) plots as function of temperature determined by DMA for the three 

thermosets: HuEpC (red line), HuEpA (blue line), HuEpAC (black line) 
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We can notice that the lowest tan δ‒maxima value is that of the resin prepared with the 

catalyst (BDMA), tan δ ≈ 122 °C, followed by that of HuEpAC material (tan δ ≈ 144 °C). The 

highest tan δ value was obtained by the resin prepared with accelerator, tan δ ≈ 157 °C. The 

temperature range of tan δ peak for three thermosets is similar, having the onset at ≈ 15 °C and 

the end set at around 225 °C. This broad interval of the α relaxation peak (≈ 210 °C) indicates 

a large distribution of the relaxation times, characteristic for the complex, heterogeneous 

networks with dangling chains. The Tg-onset region obtained from E’ and Tg-loss from E” revealed 

the same trend as the Tg range given by tan δ‒maxima. So, according with these values the 

most rigid of the three thermosets is that obtained with the accelerator followed by the resin 

made with the combination catalyst + accelerator and the last being the thermoset with BDMA. 

Corroborating these results with that of the DSC analysis of crosslinking we can observe that 

the accelerator starts a rapid crosslinking, at lower temperature, through a complex mechanism 

of curing via nucleophilic attack on the humins and or TGPh accompanied by structural 

rearrangements on the humins frame. The obtained thermosets show higher tan δ value then 

the system where the copolymerization follows the catalyst’s initiation by a nucleophilic attack 

on the epoxide ring of TGPh and anionic copolymerization. 

Table 2. Calculated and measured parameters for the humins-based thermosets 

Sample 
Density 
(g cm-3) 

υ  
(mmol cm-3) 

Mc 
(g/mol) 

Glass transition (°C) Hardness 
test 

Shore D tan 
δ 

Tg-onset 
(DMA) 

Tg-loss 

(DMA) 
Tg-DSC 
(DSC) 

HuEpC 1.1386 2.42 469.07 122 70 77 52 82 

HuEpA 1.1284 3.66 307.79 157 107 114 60 87 

HuEpAC 1.1389 3.11 364.91 144 86 97 56 85 

The DMA results allowed us also to calculate the crosslink density (ν) of the thermosets 

based on the equation: 

                                                υ =
��

���
                         (1) 

where E’ is the storage modulus of thermoset in the rubbery plateau region at Tg + 85 °C (MPa), 

R is the gas constant, and T is the absolute temperature (K).44 The crosslink density of the 

material is a parameter directly correlated, proportional with its hardness, moduli, mechanical 

strength and chemical resistance, while the elongation at break or impact strength have opposite 

trend.45 Also, the average molecular weight between crosslinks (Mc) is a measure of the 

crosslink density, such that the lower Mc value, the higher the crosslink density. The average 

molecular weight between crosslinks is given by: 

                                                  Mc =
�
��

��
                                (2) 
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where ρ represents the density of the resin (g cm-3), R is the gas constant, T is absolute 

temperature (K), and E’ is the storage modulus of thermoset in the rubbery plateau (MPa).45 In 

the same time the crosslinking density of a material is related to the amplitude of tan δ (Figure 

5): higher is the peak amplitude smaller is the crosslink density and the resin is more rigid. As 

can be seen, in Table 2 the properties resulting from different analyses techniques and the 

calculated ones are in agreement and have the same tendency. Comparing the mechanical 

properties of the three bio-based resins developed in this study with those stipulated in literature 

or industry, it can be said that the humins/TGPh-based resins could compete very well the 

industrial thermosets produced from fossil resources.46–48 

The evolution of the Tg-DSC in function of the heating rate was also studied in oxidative 

atmosphere, the obtained DSC thermograms being presented in Figure 6. The materials present 

the same trend confirming the results obtained by DMA. The material obtained with the 

accelerator has the highest Tg-DSC, between 56–70 °C (in function of the heating rate), thus 

being the most rigid of the three resins studied in this work.  

Moreover, the rigidity of the humins-based thermoset was evaluated by the hardness 

tests using the Shore D scale. The obtained results are also given in Table 2 and show that the 

materials’ rigidity follow the same trend as the Tg, increasing in the following order: HuEpC < 

HuEpAC < HuEpA. According with the Shore D results, the hardness of the three thermosets 

Figure 6. The evolution of the glass transition (Tg) in function of heating rate for a) HuEpC, 

b) HuEpA and c) HuEpAC obtained by DSC 
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is characteristic to hard materials, the obtained values being comparable with that of 

commercial materials (ABS High Impact: 75–85SD, PAN: 85–93SD, PET: 85–95SD, 

PFA:60–65SD, PTFE: 50–65SD ).47,49 

4.2.2.1. Thermal stability of thermosets  

Thermogravimetric analyses were performed under air and nitrogen atmosphere in 

order to determine the thermo-oxidative and thermal stability of the three thermoset materials. 

The TGA thermograms as recorded from continuous heating under air flow are plotted in 

Figure 7.  

Figure 7. Thermo-oxidative stability of the bio-based humins resins: HuEpC (red line), HuEpA (blue 

line), HuEpAC (black line); TGA run at 10°C min-1 under air flow 

According with the obtained data, the bio-based thermosets reveal a good thermal 

stability, the degradation process is accompanied by volatiles release (5% mass loss) at around 

280 °C under air. Based on the number of peaks in the DTG thermograms (not presented here) 

the decomposition process shows the presence of three major stages. This multi-stage 

decomposition can be explained by the complex profile of humins-based thermosets and also 

by their heterogeneous structure, as already highlighted by the broad tan δ peaks. The first step 

represents the major thermal decomposition stage for all the three resins, the thermolysis. In 

this step, the mass loss of the HuEpC resin is approximately 38 wt.% of the initial mass and 

the end temperature of this degradation occurs at around 450 °C. For the other two resins, with 

the accelerator, this interval of temperature is larger, ending at around 550 °C, with 45–47 wt.% 

mass loss. This observation indicates that the thermosets produced in presence of the 

accelerator are more heterogeneous and more susceptible to thermolysis. In the second step of 

decomposition the HuEpC resin lost 28 wt.% of mass between 450–620 °C, while the resins 
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only with the accelerator or combined with the catalyst lost 23 wt.% and 28 wt.% respectively 

in the range 500–700 °C. The third decomposition is thermal-oxidation and carbonization of 

the materials.  

It is known that the decomposition mechanism and the shape of TGA curves can be 

influenced by different factors, one of the primary factors being the heating rate of the samples. 

As the heating rate increases, the decomposition temperature of the sample also increases.45 

The three bio-based thermosets were investigated under nitrogen flow in four different heating 

rates between 5–40 °C min-1 in order to analyze the influence of this factor on the thermal 

stability of the materials. TGA thermograms under nitrogen can be seen in Figure 8 and the 

results are given in Table 3. 

Figure 8. TGA curves at different heating rates under nitrogen flow for the cured humins: a) HuEpC; 

b) HuEpA; HuEpAC  

The thermograms in inert atmosphere show a one stage degradation mechanism and a 

small shoulder between 150–200 °C which gradually disappears as the heating rate increases. 

This very small weight loss can be due to the evaporation of moisture or other volatile 

compounds present in the materials. As expected, by increasing the heating rate the materials 

start to decompose at higher temperatures. 

Table 3. Temperatures of thermal degradation (T5%) of the cured humins bio-based thermosets under 

inert atmosphere and at different heating rates: a) HuEpC resin; b) HuEpA resin and c) HuEpAC resin 

 T5% (°C) under nitrogen flow 

 5 °C min-1 10 °C min-1 20 °C min-1 40 °C min-1 

HuEpC 232 245 255 270 

HuEpA 233 243 255 265 

HuEpAC 241 251 250 258 

Figure 8 reveals that although the increase of the heating rate improves the thermal 

stability of the materials at the beginning of degradation, at T > 450 °C this factor influences 

negatively, the thermal stability decreasing. Another fact that show the influence of the analysis 

parameters on the materials properties is that the heating rate of 5 °C min-1 in nitrogen increase 

the T5% temperature of the resins in the following order of HuEpC < HuEpA < HuEpAC, while 
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at 40 °C min-1 the increase is in the opposite direction. The thermal stabilities of the three 

humins/epoxy thermosets are improved compared to that of the furan/epoxy bio-resins 

stipulated in literature (T5% = 141–221 °C, under air)50–52, the resulting values being comparable 

with those of commercial epoxy resins.53,54 

4.2.2.2. Water absorption analysis  

To study the water absorption behavior the three thermosets were immersed in 

deionized water at 25 °C, and the weight variation was evaluated over time. The evolution of 

the water sorption is given in Figure 9. The water retention by the thermosets is influenced by 

numerous factors as the network architecture (mass between crosslinking nodes, crosslinking 

density, free volume, etc.) and by the chemical nature of the components (polar groups).55,56 

After 24h of immersion in deionized water, the percentage of absorbed water is ≈ 5–10% (w/w), 

equivalent with the commercial epoxy values (WA%Fiberite 934 = 6.95%, WA%Ciba Geigy MY720 = 

6.8%).57,58 

Figure 9. Water absorption % in function of time; Comparison between the three humins-based resins 

In Figure 9 it can be observed that the water absorption of the three resins increase in 

time reaching a maximum point after 96h for HuEpC, 192h for HuEpA and 168h for HuEpAC. 

The obtained values are again in good accord with the previous results. We can notice that the 

thermosets prepared with the catalyst, characterized by the lower Tg value and lower degree of 

crosslinking exhibit the faster water absorption (abrupt slope of the curve). Then, probably the 

water absorbed molecules block at a certain point the access to the network free volume and 

the absorption is stop after 75h reaching 19%. The system with the accelerator has a slower 

kinetic of water absorption with a maximum reached after 170h at around 20%. These values 

are directly correlated with the materials crosslink densities but also with the number of the 

free hydroxyl or other polar groups present in the humins-based resins which can increase the 

water absorption by hydrogen bonding with water. After reaching the maximum absorption 

value, the water uptake decreases until reached a steady state. 



 

 

 

108 Sustainable thermosets obtained by copolymerization of humins with triglycidyl ether of phloroglucinol 

4.2.2.3. Chemical resistance of the bio-based thermosets 

Generally, the exposure of polymeric materials to chemical reagents influences and 

affects the overall properties but especially the mechanical ones. In order to highlight the 

influence of the chemical reagents on the humins bio-based resins, the three materials were 

tested in a large variety of solvents like acetone (A), toluene (T), methanol (MeOH), 

acetonitrile (AcN), dimethylformamide (DMF), dimethyl sulfoxide (DMSO), chloroform 

(CHCl3) and tetrahydrofuran (THF) in order to cover a wide range of polar or apolar reagents. 

Samples in rectangular shape of each type of formulation were immersed in transparent vials 

with 20 ml solvents and weighed regularly each 24h. The solvents resistance tests were 

performed for 12 days, because after this time the humins-based materials became stable, 

gaining a steady state. In Figure 10 can be visualized the appearance of the three resins in 

different solvents at the end of the experiment (12 days). Considering these results, we can 

appreciate that the thermosets prepared with the accelerator has the best resistance to the 

chemical reagents. Again, this finding could be explained by its highest degree of crosslinking, 

rigidity and stiffness. On the contrast, the thermoset prepared with the catalyst seems the most 

affected by the polar solvents by small defragmentation in MeOH, being more evident in DMF 

and DMSO. In the case of the resin with the catalyst + accelerator, a very small decomposition 

of the material in MeOH and DMSO is observed, in the rest of the solvents being completely 

resistant. The comparison between these systems is a clear sign that humins/epoxy materials 

have a different network architecture, chemical bonding and also free functional groups. So, 

even if the starting comonomers are the same, the nature of the initiator influences drastically 

the network structure and the overall properties. After 12 days no evolution of the samples 

occurred.  

Figure 11 illustrates the influence of solvents on the weight of bio-based resins, where 

a positive value implies a weight gain, while a negative value implies a weight reduction. In 

accordance with the experimental results, it can be observed that the HuEpC resin (red line) 

present a significative weight loss in MeOH (20.17 wt.%), in DMF (44.95 wt.%), but especially 

in DMSO (47.77 wt.%). In contrast, the HuEpA resin (blue line) does not lose weight in any 

of the seven solvents tested, instead this material absorbs small amounts of solvent between 0–

0.8% exception the sample immersed in MeOH showing an increase in weight up to 8%. 
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a)  

b)  

c)  

Figure 10. Comparison of chemical stability after immersion in different solvents for 12 days of: a) 

HuEpC resin, b) HuEpA resin, c) HuEpAC 

Figure 11. Influence of solvents on the humins/TGPh materials’ weight after 288h of immersion at 

room temperature 

4.2.2.4. Bio-based content of Humins/TGPh copolymers 

In the last period, a great emphasis is focusing on the development of materials from 

bio-renewable sources, and on increasing their bio-based content. The bio-based content of a 

product was defined in 2005 by the US Department of Agriculture59 as the amount of bio-based 

carbon in the material or product as a percentage of the weight (mass) of the total organic 

carbon in the product. Considering that the structure of humins cannot be precisely defined, so 
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the reaction mechanism accurately quantified, the bio-based carbon content of the three resins 

was calculated according to previous studies.60,61 Both humins and TGPh are products made 

from renewable raw materials, so they are 100% bio-based, while BDMA and DMP-30 are 

100% petrochemical-based compounds. According to previous studies done on biorefinery 

humins24,62, it is known that the bio-based carbon of the raw humins is around 54%. 

Considering the molar mass and the number of carbons in each compound we calculate its 

carbon percentage. The bio-based carbon content by weight was calculated using the equation: 

                         �

 =
∑(����%∙�
���%)

∑(����%∙�
���%)�∑(��%∙�
�%)
∙ ���         (3) 

where: BCC – is the bio-based content of the product expressed as a percentage of the total 

mass of sample; W100% – is the mass of the constituent 100% bio-based, expressed in grams; 

TC100% – is the total carbon of the constituent 100% bio-based, expressed as a percentage of 

the total molar mass of the constituent; W0% – is the mass of the constituent 0% bio-based, 

expressed in grams; TC0% – is the total carbon of the constituent 0% bio-based, expressed as a 

percentage of the total molar mass of the constituent. The HuEpC and HuEpA systems contains 

55 g Humins, 40 g TGPh and 5 g of BDMA or DMP-30, while the HuEpAC system is 

composed from 55 g Humins, 40 g TGPh, 2.5 g BDMA and 2.5 g DMP-30. Following the 

calculations, the bio-based carbon content for HuEpC resin is ≈ 93.14%, for HuEpA resin is 

94.12% and for the HuEpAC resin is 93.63%.  

4.3. Conclusions  

In this work, three different thermoset resins were developed by copolymerization of 

humins with TGPh, a bio-based product obtained from algae or bark tree. Following the 

calculation of the bio-based carbon content of the humins-based resins considering only the 

carbon content by weight, it was determined that the BCC of the obtained resins is around 94%. 

The copolymerization’s reactivity studies done by DSC reveal a good enthalpy (270-365 J g-1) 

reaching the maximum reactivity around the temperature of 106–148 °C (depending on the 

formulation). Also, the physico-chemical and mechanical properties of the cured bio-based 

resins were investigated using different technics as TGA, DMA, Shore hardness test, water 

absorption and solvents resistance. It was revealed that the obtained materials present very 

good mechanical properties with values for the E’ in glassy region ≈ 3.7–5 GPa. The tan δ-

maxima of the three humins-based resins ranges from 122 °C to 154 °C. Also, the thermosets 

hardness values of 82–85 SD confirms the stiffness of these materials. The thermogravimetric 

analyses of the materials revealed a very good thermal stability with T5% ≈ 272–277 °C. The 
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bio-resins developed in this work present also a good chemical resistance over time, the HuEpA 

resin being unaffected in all solvents tested after 12 days of immersion.  

In conclusion, following this study, three humins/epoxy-based copolymers thermosets 

of 95% bio-based resins have been successfully developed, with mechanical performance 

comparable to those of industrial thermoset materials used in construction or automotive 

sectors.  

4.4. Experimental 

4.4.1. Materials 

One of the main compounds used in the development of the thermoset resins presented 

in this study is represented by the industrial polymeric black by-product called Humins 

produced and supplied by Avantium Chemicals at their Pilot Plant in Geleen, The Netherlands. 

In order to obtain sustainable thermosets, the humins were copolymerized with triglycidyl ether 

of phloroglucinol (TGPh) with 7.8 meq/g epoxy content and a repeating unit number (n) 

between 0.5–1.2, supplied by Specific Polymers (Castries–France). N, N-

Dimethylbenzylamine (BDMA) and 2,4,6-Tris(dimethylaminomethyl)phenol (DMP-30) 

purchased from Sigma-Aldrich were used as received to initiate and accelerate the 

copolymerization and crosslinking between the two bio-compounds.  

4.4.1.1. Samples preparation  

To design and to develop sustainable thermosets the proper amount of humins (55 

wt.%) was weighted and heated on a heating plate to reduce its viscosity. The necessary amount 

of epoxy comonomer (40 wt.% TGPh) was added and mechanically mixed under temperature 

with the preheated humins. To obtain the optimal parameters for the copolymerization different 

amounts of catalyst (BDMA) / accelerator (DMP-30) were analyzed individually or in 

combination of both. The thermodynamic parameters (time and temperature) of curing but also 

the reactivity of all the mixtures were analyzed in order to select the optimal formulations for 

the development of the materials. After the reactivity study, three formulations were selected. 

The mixture of humins with TGPh was combined with 5 wt.% BDMA or 5 wt.% DMP-30 but 

also with both (2.5/2.5 wt.%), poured into silicone molds and cured in oven. The materials 

were crosslinked for 2h at 80 °C and after another 2h at 150 °C. Thereafter, the materials were 

post-cured at 180 °C for 1h. In order to facilitate the identification of the different formulations, 

the compounds were noted with the following acronyms: “Hu” for humins, “Ep” for TGPh 

epoxide, “C” for BDMA catalyst and “A” for DMP-30 accelerator. According to these 

abbreviations, formulation “HuEpC” correspond to the resin with 55 wt.% humins/ 40 wt.% 

TGPh / 5 wt.% BDMA, “HuEpA” for the system with 55 wt.% humins/ 40 wt.% TGPh/ 5 wt.% 
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DMP-30 and “HuEpAC” for the formulation with 55 wt.% humins/ 40 wt.% TGPh / 2.5 wt.% 

BDMA / 2.5 wt.% DMP-30. The physico-chemical and mechanical properties of the three 

selected formulations were analyzed and compared. 

4.4.2. Experimental techniques 

4.4.2.1. Differential Scanning Calorimetry (DSC) 

The thermal aspects of copolymerization were analyzed by differential scanning 

calorimetry, performed with a Mettler-Toledo DSC 3 apparatus equipped with STARe 

Software. The crosslinking reactions between humins and TGPh were directly performed in 40 

µl aluminum pans. Samples of 5–8 mg were reacted under non-isothermal conditions between 

25–230 °C, under oxidative atmosphere (150 mL min-1) and at a heating rate of 10 °C min-1. 

The DSC studies have been used also to study the completion of chemical conversions or the 

glass transitions of the thermoset samples prepared in oven. For this, samples of 8–12 mg of 

cured materials were introduced into 40 µl Al crucibles, and studied over a temperature range 

from -50 °C to 150 °C. The tests were performed at a heating rate of 10 °C min-1 under air flow 

(150 mL min-1).  

4.4.2.2. Dynamic mechanical analysis (DMA)  

The dynamic mechanical measurements were conducted in a Mettler Toledo DMA 1 

apparatus equipped with a three-points bending assembly. The humins-based thermosets were 

prepared in rectangular shapes of established dimensions (48 length × 8 width × 4 thickness 

mm3). The DMA tests were performed in the temperature-scanning mode from -70 °C to 225 

°C, with a constant displacement amplitude of 20 µm and a frequency of 1.0 Hz, at a heating 

rate of 3 °C min-1 under nitrogen atmosphere. By this method, the storage (E’) and loss (E’’) 

Young modules but also the damping factor (tan δ = E”/E’) of the thermosets were determined. 

According to ASTM E1640-1341 and ASTM D7028-0742, three different values of glass 

transition (Tg) were determined from DMA measurements such as Tg-onset  related to the E’ drop, 

Tg-loss defined as maximum temperature of E’’ and Tg-peak corresponding to the maximum 

temperature of the damping factor tan δ. The DMA analysis was also used to obtain collections 

of frequency data as a function of temperature in order to develop the master curves of humins-

based resins and to study the effect of frequency on changes caused by temperature on 

materials. The measurements were performed in the frequency range 10 Hz to 0.1 Hz at a 

logarithmic increment of 10 steps/decade, under isothermal conditions at different 

temperatures between -25 °C to 250 °C.  The maximum force amplitude was 0.1 N and the 

displacement amplitude was 20 µm. 
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4.4.2.3. Density of the thermoset resins 

The density of the final resins was determined experimentally using the ISO 9427 

standard. For five rectangular samples (50 × 8 × 4 mm3) of each formulation the volume was 

calculated, and the mass was determinate by weighing with a ML3002T Mettler-Toledo 

precision balance. The density of the samples was calculated as the ratio of the mass to volume.   

4.4.2.4. Shore hardness test 

A Zwick Roell 3116 Hardness Tester was used to determine the hardness of the humins-

based resins, in accordance with ISO 7619-1, ASTM D2240 and ISO 868. The Shore D 

hardness device was pressed smoothly against the samples with a load force of 50 N ± 0.5 N. 

The samples hardness value was read after the firm contact between the presser foot and the 

tested materials. 

4.4.2.5. Thermogravimetric analysis (TGA) 

To determine the thermal stability of the materials a TGA 2 Mettler-Toledo apparatus 

was used. The thermal behavior of samples in oxidative atmosphere was analyzed in the 

temperature range from 25 °C to 1000 °C, at a heating rate of 10 °C min-1 and an air flow of 

150 mL min-1. In order to determine the influence of the heating rate on the thermal stability, 

the resins were analyzed between 25–1000 °C, in nitrogen flow (150 mL min-1), varying the 

heating rates from 5 °C min-1 to 40 °C min-1. For both methods of analysis, samples with weight 

between 9–12 mg were tested in 70 µl aluminum pans.  

4.4.2.6. Water absorption  

Water absorption at 25 °C of humins-based resins was determined according to ASTM 

D570 standard test method.63 Five rectangular (50 × 8 × 4 mm3) samples for each formulation 

were dried in an oven at 50 °C for 24h, after cooled in a desiccator and weighed (t0). Then, the 

specimens were immersed in distilled water and maintained at room temperature for 24h. The 

samples were removed from water after 24h, wiped with a dry towel, weighed and then 

immediately immersed again in distilled water. The percentage of water absorption was 

calculated using the next equation:  

           ��% =
��� ������ !"#$���"#�$ ������

!"#$���"#�$ ������
× 100            (4) 

4.4.2.7. Chemical resistance test 

The chemical stability of the prepared thermosets was tested in different solvents as 

acetone, toluene, methanol, acetonitrile, dimethylformamide, dimethyl sulfoxide, chloroform 

and tetrahydrofuran. In the first step, the samples, with 15.5 × 15.5 × 4.5 mm3 dimensions were 

weighed and then immersed in 20 ml of solvent. After 24h, the samples were removed from 

solvents, wiped with dry clothes, weighed and then immediately immersed in the recipient with 
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solvent. The samples stability against the solvents was determined visually, but also 

quantitatively using the following equation: 

                      �()*ℎ,, % =
��� ������ !"#$���"#�$ ������

!"#$���"#�$ ������
× 100      (5) 

4.4.2.8. Bio-based carbon content  

The bio-based carbon content of the materials was determined according with the paper 

of Pan et al.60. Humins and triglycidyl ether of phloroglucinol are 100% bio-based. Firstly, the 

percentage of carbon was determined for each compound, then the bio-based carbon content 

for the three formulations was calculated based on their mass weight. 
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This chapter is based on Roxana Dinu, Sarah Montes, François Orange and Alice Mija, 

“Reprocessable and Sustainable Composites Based on Humins Matrices Reinforced with 

Chicken Feathers and Vegetal Non-Woven Fibers”, (in peer review in Green Chemistry). 

 

 

 

Abstract 

 

 

 

Reduction of polymeric waste together with industrial by-products valorisation are the 

main objectives of competitive researches. In this perspective, this work reports the preparation 

of sustainable thermosetting composites having reprocessing ability. The thermosetting 

matrices were designed by the combination of the humins a biorefinery based product with 

two epoxide comonomers. The chicken feathers and vegetal non-woven fibers were used for 

matrices reinforcement. The obtained composites show an increase of Tg region compared with 

the neat matrices and Shore hardness values (74‒85 SD) comparable with those of commercial 

materials such as epoxy/glass fibers or epoxy/carbon fibers composites. By SEM analysis a 

proper adhesion and a good compatibility between the matrices and the bio-fillers was 

observed, without a prior treatment of the fibers. This work reports for the first time the 

elaboration of reprocessable humins based thermosets. The prepared resins and composites 

proved their capacity to be mechanically recycled without significant changes in their 

properties. 
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5.1. Introduction 

One of the main problems of the 21st century remains the environmental concerns 

caused by the production of plastic materials, both thermosets and thermoplastics, based on 

fossil and non-renewable raw- materials, which are not biodegradable or recyclable. This leads 

to a continuous increase of the waste quantities in the landfills.1 The global plastic production 

in 2018 was estimated to around 380 million tons.2 Since the beginning of the large-scale 

production and use of synthetic plastics developed around 1950, in these last 70 years were 

produced about 6.3 billion tons of plastics. Only in 2015 were generated 6300 Mt of plastic 

waste, of which 9% were recycled, 12% incinerated and 79% were deposited in landfills or in 

nature.3 With the urgent need to reduce environment burden derived from plastics, new routes 

of development, recovery and reuse of polymers and materials were investigated, not only for 

thermoplastics materials but also in the field of thermosets composites, which traditionally 

were not recyclable. In the case of composites, intense researches were initiated regarding both 

the development of starting materials from natural, renewable resources or wastes as well as 

the investigation in their recycling and subsequent reuse. In this paper the development of 

recyclable thermoset composite materials using industrial by-products such as humins and 

chicken feathers, or vegetal fibers such as flax and jute is proposed.  

Lignocellulosic biomass is an important renewable resource, currently converted into 

chemical platform molecules. The largest constituents of lignocellulose are the carbohydrates 

such as cellulose (35‒50%), hemicellulose (20‒35%) and lignin (10‒25%).4 Valorization of 

the lignocellulose biomass in the biorefineries by conversion of  carbohydrates into valuable 

chemical-platform molecules (5-hydroxymethyl furfural, furfural and levulinic acid) also leads 

to the formation of a dark-colored viscous by-product called humins. According to the previous 

studies,5–9 humins is a complex and heterogeneous product derived from sugar conversion 

processes, presenting an unknown and variable furan structure that is influenced by the type of 

feedstock and the processing parameters. Humins are carbon-rich agglomerate particles 

containing a variety of functional groups such as alcohol, acid, ketone and aldehyde. It has also 

been shown that this by-product is composed of approximately 50–65 wt.% C, 29–46% wt.% 

O, and 4–5.5 wt.% H.5–9 The complex structure but also the abundance of different functional 

groups present in humins favors the conversion of this by-product into a potential renewable 

material for new end-products. This complex product was involved in the development of 

various categories of materials such as porous carbonaceous materials used as adsorbents, 

insulation materials or support for solid catalysts,10–12 but also as furanic resins and composites 

for different application sectors such as automotive and construction industries.13–16 
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Natural fibers have been extensively used as fillers in composites reinforcement in 

recent years. In general, these fibers are produced from plants, animals or mineral based 

sources. The major structural component of the vegetal fibers is cellulose, while the animal 

fibers are constituted by proteins.17 Natural fibers have an important number of advantages, 

such as their wide availability at relatively low costs, their ability to be recycled, their bio-

renewability and biodegradability, as well as their interesting physical and mechanical 

properties.18 Bast fibers, such as flax and jute fibers, are extracted from the stem ribbon and 

exhibit specific strength and stiffness, flexibility during processing, low self-weight, and 

resistance to corrosion and fatigue properties.19 Like any material, besides the multitude of 

benefits, the plant fibers have some disadvantages such as high moisture absorption, high 

anisotropy of properties (depending on plant species, age, climate, soil condition, etc.,), low 

compatibility with the resins. They are also less homogeneous compared to the glass and carbon 

fibers.17,20 The use of vegetal fibers (e.g., flax, jute, hemp) is more interesting when strength, 

lightweight, and noise absorption are important, such as in the automotive and construction 

industries.21,22 One of the first uses of vegetal fibers in the automotive industry was made in 

1941 by Henry Ford, producing composites from soybean resin reinforced with hemp or flax 

in order to manufacture exterior body panels.22 Nowadays, the increasing legislation regarding 

the end of life of vehicles (Directive 2000/53/EC23, Directive 2002/96/EC24, etc.), have led to 

the use of vegetal fibers in the development of composite materials by most automotive 

companies. 

Another type of natural fibers selected for this work are those from animal-based 

sources, and in our case chicken feathers. Avian fibers are an important source of protein, 

becoming a good alternative for replacing the petroleum-based materials. Chicken feathers 

represent one of the main by-products from the poultry industry, with approximately 9 million 

tons being generated annually.25 Chicken feathers are mainly composed of keratin (≈ 91%), 

representing a very rich resource of high protein raw material and are generally deposited in 

landfills or burned.26 In addition of being a natural product, chicken feathers fibers also have a 

large number of important advantages which have led to their use in a wide range of 

applications. Considering the large amount of keratin, their low density (0.8 g/cm3), their wide 

availability, recyclability, biodegradability, the both hydrophobic and hydrophilic character 

(60:40) as well as their physical and mechanical properties,27 chicken feathers are valuable 

resources with feasible applicability in biomedical field,28 thermoplastics, thermosets or 

composites for different sectors such as packaging,29–31 automotive or construction industries. 
27,32–37  

In the present work, the main part of the thermoset resins’ composition used is 

represented by humins. The bio-based thermosetting resins were obtained by copolymerization 
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of humins with two epoxy compounds such as resorcinol diglycidyl ether (RDGE), a bio-based 

epoxide, or trimethylolpropane triglycidyl ether (TMPTE). The crosslinking reaction has been 

catalysed with the help of N, N-dimethylbenzylamine (BDMA) or 2,4,6-

tris(dimethylaminomethyl)phenol (DMP-30). The humins-based thermoset resins were used as 

matrices in the development of bio-composites. The polymeric matrices were reinforced with 

four non-woven fabrics made from chicken feathers or vegetal fibers. To select the optimal 

formulations for composites manufacturing, the thermodynamic parameters of curing, the 

reactivity of the mixtures but also the ability of the final materials to be recycled were analyzed. 

Thereafter, the bio-based composites were produced using the two selected resins formulations 

(one from each epoxy monomer) as matrix and 4 non-woven fabrics as structural elements for 

reinforcement. The two resins used in this study for the development of bio-composites were 

selected after determining their recycling behavior. Both resins and composites were recycled 

using the mechanical method. 

The purpose of this work is the development of bio-based composites considering 

several requirements Firstly, the valorization of an industrial waste by their use in the 

development of new materials; the thermoset resins from this work were developed using a 

significant, maximum possible, amount of industrial by-product (55 wt.% humins). Secondly, 

the next criterion was the development of eco-friendly materials using natural and renewable 

raw materials; bio-based composites were produced using untreated chicken feather and 

vegetal fibers (flax and jute) non-woven as reinforcement. Finally, the study aims to develop 

composites capable of being recyclable by industrially and economically feasible techniques; 

in this work, the humins-based bio-composites reinforced with natural fibers have been 

successfully recycled using thermo-mechanical methods without affecting their properties.  

5.2. Results and Discussion 

5.2.1. Study of systems reactivity. Selection of optimal thermosetting 

matrices for the bio-composites development 

Firstly, this work focuses on the preparation of bio-based thermoset resins which will 

act as a matrix in the development of the bio-composites. The DSC tool was used to establish 

the thermodynamic parameters of copolymerization reactions and crosslinking, and also for the 

selection of the optimal formulations for bio-composites elaboration.  

To develop the bio-based thermosets, humins were reacted with the selected epoxy 

comonomer (RDGE or TMPTE) using 5% of BDMA or DMP-30 as catalysts. These reactions 

were thermally induced and analyzed through DSC. The evolution of heat flux vs. temperature 
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for the four humins-based mixtures is shown in Figure 1, while Table 1 gives the obtained data 

for the copolymerization reactions.  
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Figure 1. Dynamic DSC curves during heating at 10 °C min-1 of thermosetting formulations: HRB 

(green line), HRD (blue line), HTB (purple line), and HTD (orange line) 

The humins/epoxide crosslinking reactions appear as large exotherms events, due to the 

complex reactivity characteristic for the humins resin. On the Figure 1, it can be observed that 

the shape of the curves is similar for the formulations with the same catalyst, while the peak 

intensity and reaction enthalpies are instead both influenced, in these systems, by the epoxy 

compound. The crosslinking reactions for the systems catalyzed by DMP-30 occur very fast 

and start at a rather low temperature (≈ 50‒60 °C), with a rapid increase of the curve’s slope. 

The curing of the humins/RDGE mixture catalyzed with BDMA is characterized by a single 

exothermic peak, in which the heat flow deviation from the baseline occurs at around 55 °C, 

while in the presence of DMP-30 the reaction exhibits a larger exothermic peak with two 

maxima, and an onset temperature of 53 °C. The maximum temperature of curing (Tmax) of the 

HRB curing takes place at 151 °C and the completion of curing occurs at around 195 °C. In the 

presence of accelerator (DMP-30) a first reaction peak occurs at 107 °C which can be attributed 

to the DMP-30 contribution on the main crosslinking reaction. Thereafter, a second exothermal 

peak with the Tmax at around 132 °C can be associated to the reaction between the epoxides and 

the humins -OH functions. In our previous study,38 the chemical mechanism of 

copolymerization between humins and triglycidyl ether of phloroglucinol (TGPh) activated by 

different species such as catalyst and/or accelerator (BDMA, DMP-30) was intensively studied 

by different techniques such as DSC, ATR-FTIR and NMR spectroscopy. Following the 

analyses, was determined that the humins/TGPh copolymerization implies an anionic 

mechanism where firstly take place the nucleophilic attack of the catalysts to the epoxy ring, 

being then followed by the propagation through the TGPh adducts and -OH groups from 

humins. The results obtained in the current study are in accordance with the previous outcomes. 
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Table 1. DSC data on copolymerization reaction of analyzed formulations 

 HRB HRD HTB HTD 

Tmax , (°C) 
(reaction interval)  

151 ± 2 
(53 - 195) 

107 ; 132 ± 2 
(53 - 177) 

163 ± 2 
(66 - 215) 

113 ; 145 ± 2 
(61 - 210) 

ΔHcure (J g-1) 380 ± 5 290 ± 5 254 ± 5 248 ± 5 

 

For the HTB formulation, the curing appears as an exothermic peak with the onset of 

crosslinking at 66 °C, reaching the maximum temperature at around 163 °C. In the 

humins/TMPTE system catalyzed by DMP-30, the reaction is larger, from 61 to 210 °C, 

presenting two Tmax : at 113 and 145 °C. The area under the exothermal peaks was integrated 

in order to evaluate the enthalpy of reaction ΔHcure, J g-1. From Table 1 we can appreciate that 

the more reactive system is that of humins/RDGE catalyzed by BDMA with an enthalpy of 

about 380 J g-1 that is 25% higher compared with that obtained for the HRD system (290 J g-

1). For the formulations with TMPTE the trend is similar, the reaction enthalpy of HTB system, 

around 254 J g-1, being higher than that of HTD formulation, 248 J g-1.  

Therefore, considering these reactivity results the formulations using BDMA as catalyst 

were selected as optimal, due to its higher reactivity. The HRB and HTB formulations were 

selected to produce further the bio-composites with the two natural fillers. 

5.2.2. Physico-chemical and mechanical characterization of the humins-

based resins and composites 

5.2.2.1. Thermal stability studies 

Understanding the thermal behavior of developed materials is essential for the 

evaluation of their potential use in industrial sector applications. The thermal stabilities of the 

synthesized matrices, of natural reinforcements, and also of the bio-based composites were 

analyzed. TGA thermograms (Figure 2) and derivative weight loss curves (Figure ESI1) were 

obtained during heating of the samples under inert atmospheres.  

The natural fillers were used and analyzed without any preliminary chemical 

modification or drying treatment. The results of their TGA analyses are shown in Figure 2c. 

One of the factors responsible for the material thermal stability is their chemical composition. 

Those of the lignocellulosic fibers are given in Table 2. From these compositions we can 

observe that a moisture content is present in both, flax or jute, fibers, together with pectins and 

wax, less thermally stable. 
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Table 2. Chemical composition and moisture content of the vegetal fibers39–42 

Type of 
fiber 

Cellulose 
(wt.%) 

Hemicellulose 
(wt.%) 

Lignin  
(wt.%) 

Pectin  
(wt.%) 

Wax  
(wt.%) 

Moisture 
content 
(wt.%) 

Flax 64 ‒ 80 17 ‒ 21 2.0 ‒ 2.2 1.8 ‒ 2.3 1.7 8 ‒12 
Jute 45 ‒ 72 12 ‒ 20 11.8 ‒ 26.0 12.5 ‒ 13.7 0.5 13 - 14 
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Figure 2. TGA thermograms during heating at 10 °C min-1, under nitrogen, of (a) HRB thermoset and 

composites, (b) HTB thermoset and composites, and (c) chicken feathers and vegetal fibers non-

woven 

From Figure 2c, we can be observed that the thermal degradation of the natural fibers 

and chicken feathers non-woven occur in three temperature-dependent stages. All fibers 

present an initial weight decrease (4.1‒5.5 wt.%) between 33 °C and 130 °C attributed to the 

gradual evaporation of absorbed water. Regarding the thermal behavior of the vegetable fibers 

is already known that their decomposition in nitrogen atmosphere is characterized by a two 

steps process.39,40,43,44 The first decomposition step (200‒370 °C) is attributed to the 

depolymerization of the hemicellulose and the breaking of glycosidic bondings of cellulose, 

while the main thermal degradation stage (340‒370 °C) is due to the degradation of the α-

cellulose. Due to its complex structure, the thermal degradation of the lignin take place in large 

range of temperature (200‒500 °C) interposing with that of cellulose and hemicellulose. For 

the three lignocellulosic non-woven fibers, the second degradation step after de moisture 

evaporation corresponds to the hemicellulose degradation. As can be seen in Table 2, the mass 

percentage of hemicellulose and pectin present in flax fiber is lower compared with that in the 

jute fiber. This fact is correlated with the TGA results (Figure 2c), where the mass loss of the 

linseed and short flax fibers take place between 200 and 300 °C, being around 8 wt.%, while 

for the jute fibers (217‒316 °C) is ≈ 17 wt.% from the total mass of the sample. The main 

degradation peak for the flax fibers occurs in the temperature range between 300‒410 °C losing 

the higher amount of its mass (73 wt.% for SF and 69 wt.% for LF). For the jute non-woven, 

the cellulose decomposition takes place between 315 and 405 °C losing 65 wt.% of the total 

mass.  
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In conformity with the DTA thermogram presented in Figure ESI1c, the thermal 

degradation of the chicken feathers non-woven is divided in two main steps. The first 

degradation step of the CF occurs between 200 and 430 °C reaching a maximum at 340 °C. In 

this first peak can be observed two small shoulders between 200‒300 °C, that according with 

previous studies45,46 are correlated with several different phenomena. In the initial stage (130‒

280 °C) occurs the breaking of protein bonds and of di-sulfide bridges or the crystalline melting 

of the protein, while between 250‒400 °C occur the forming of the aromatic bonds and cyclic 

amines. This stage represents the prime thermal degradation of the CF non-woven presenting 

a percentage in mass loss at around 57.5 wt.%. The second thermal decomposition step of the 

CF take place in the temperature range 440‒530 °C reaching the maximum at 485 °C. This 

stage is attributed in general to the degradation of the aromatic products formed in the previous 

step,45,46 showing a mass loss of around 20 wt.%. The residual mass left at 700 °C of the natural 

non-woven varies as follow: J (13.8 wt.%) < SF (15.5 wt.%) < CF (17 wt.%) < LF (18.4 wt.%). 

The thermal decompositions of the neat resins were shown in Figure 2 and Figure ESI1 

showing a single peak of degradation. In Figure ESI1 we can observe the presence of a shoulder 

for HRB resin and two for HTB resin, in the main degradation stage, that can designate the 

presence of distinct simultaneous degradations that can be due to the structural complexity of 

the humins resins.38,47 The beginning of the degradation stage of the neat resins is located 

around the temperature of 170 °C, reaching the maximum decomposition rate at 380‒390 °C. 

The main mass loss (up to 650 °C) of the HRB resin is around 65 wt.%, while for the HTB 

matrix is 63 wt.% of the total mass. In this temperature range, the thermolysis of the polymer 

structure takes place followed closely by the decomposition of the materials. After 650 °C, a 

carbon-like structure called “char” is gradually formed, beyond this temperature, the curve 

becoming flat. The mass percentage of the char left for HRB resin in nitrogen atmosphere is 

around 38 wt.%, close to that of HTB matrix (36 wt.%).  

The influence of the bio-fillers on the thermal stabilities of the humins-based matrices, 

under inert atmosphere, is displayed in Figure 2a and 2b. The T5% values of the resins, fibers 

and composites are compared in Figure 3. From this figure, we can observe that both fillers 

reduce the thermal stability of the materials by approximately 10‒13 °C, from 251 °C to 238‒

241 °C. This result was expected due to the lower thermal stability of the fillers compared to 

that of the matrices, as discussed previously and confirmed also by reported studies.40,43,48 

Dorez et al.40 investigated the influence of vegetal fibers on the thermal behavior of some bio-

composites based on polybutylene succinate (PBS) and natural fibers (cellulose, hemp, flax, 

sugar cane and bamboo fibers).  The authors report that the addition of natural fibers in PBS 

matrix reduces with around 10‒20 °C the temperature stability of the developed bio-composites 

and influenced the mass residue of the materials. After the temperature of 750 °C in nitrogen 
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atmosphere, the PBS matrix presented ≈ 0.75 wt.% residual mass, while the bio-composites 

with natural fibers had a char around 5 and 10 wt.%. A similar result to that of our study, in 

which the addition of natural fibers decreases the thermal stability of the matrix was found by 

Manfredi et al.43 who studied the thermal properties of jute-reinforced composites using 

different thermoset matrices such as resol and vinylester matrix. Following the 

thermogravimetric analyses, they observed that in both matrices, the jute-reinforced 

composites showed an intermediate thermal behavior between the matrix and the natural fibers. 
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Figure 3. Comparison of the T5% values of the matrices, fibers and composites obtained by TGA 

analyses in inert atmosphere 

The TGA results of the composites given in Figure 2 and Figure 3 indicate a good 

thermal stability of the materials, their values combining that of both components the matrices 

and fibers thermal behavior. In the case of HRB systems, the beginning of degradation of the 

composites (175‒180 °C) is shifted to higher temperature compared with the neat resin (≈ 165 

°C) but the thermal curves of the composites return to a quasi linear response at lower 

temperature than the matrix (500‒520 °C for composites, versus 650 °C for HRB resin). The 

mass loss in the main degradation step for the HRB matrix is around 61.3 wt.%, with the 

maximal degradation (Tmax) at ≈ 385 °C. For the HRB-composites, the addition of the natural 

fibers increases the mass loss as following: HRB‒J (64.1 wt.%, Tmax = 365 °C) < HRB‒SF 

(64.7 wt.%, Tmax = 365 °C) < HRB‒CF (66.1 wt.%, Tmax = 355 °C) < HRB‒LF (68.4 wt.%, 

Tmax = 353 °C). This maximum rate of degradation is due to the decomposition of the humins-

based resin along with the natural fibers present in the composites. On the other hand, the TGA 

derivatives displayed in Figure ESI1b reveal that the thermal degradation of the HTB systems 
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take place as a broad and complex event from 176 to 650 °C for HTB resin, and from 160 to 

650 °C for HTB composites. The mass loss in this step increases in the following order: HTB‒

resin (63.4 wt.%, Tmax = 381 °C) < HTB‒CF (66.8 wt.%, Tmax = 328 °C) < HTB‒J (66.9 wt.%, 

Tmax = 385 °C) < HTB‒LF (67.7 wt.%, Tmax = 386 °C) < HTB‒SF (69.3 wt.%, Tmax = 385 °C). 

It can be observed that although the composites degradation starts at a lower temperature 

compared with the neat HTB resin, their maximum degradation temperature is increased by 4‒

5°C, excepting the HTB composite with CF in which the degradation is divided into two stages. 

Moreover, the char left after 650 °C of the composites reinforced with natural fibers decreased 

with around 3‒7 wt.% in comparison with that of the neat resins. 

The thermal stability of the developed materials was also analyzed by the statistic heat-

resistant index (Ts) calculation, this factor representing the temperature of the polymer in the 

physical heat tolerance limit. The Ts values were determined  with the aid of the temperature at 

5% (T5%) and 30% (T30%) weight loss of each sample obtained by TGA and calculated by 

equation:49–51 

�� = 0.49��	% + 0.6
���% − �	%�� 

The obtained values of Ts both in oxidative and inert atmospheres for studied systems 

are tabulated in Table 3, observing the same tendency of their thermal stability. These results 

reveal that the addition of the fillers decreases with around 2‒7 °C the Ts values of the 

composites compared to the neat resins. Following these analyses, it appears that the 

reinforcement provokes a small decrease of about 10 °C of the thermal properties compared to 

that of the neat resins. However, the bio- composites exhibit a good thermal stability, loosing 

5 wt.% of their mass at temperatures higher than 240 °C. 

Table 3. Physico-chemical, thermal, and mechanical properties of bio-based resins and composites 

Sample 
Density 

(g/cm3) 

Hardness 

test*a (SD) 

Tg 
*b 

(°C) 

WA*c 

(%) 

T5%
*b (°C) Ts

*b (°C) 

Air  N2  Air  N2  

HRB 1.24 79  30 12.5 251 251 160 155 

HRB-CF 1.15 89  59 21 240 241 147 150 

HRB-SF 1.23 81  37 11.7 238 241 147 150 

HRB-LF 1.15 83  37 12.7 245 241 149 147 

HRB-J 1.20 85  44 15.4 235 241 145 153 

HTB 1.19 73  21 12.14 250 251 153 152 

HTB-CF 1.02 77  42 21 249 241 151 147 

HTB-SF 1.08 74  26 11 240 238 146 144 

HTB-LF 0.96 74  28 22.1 240 240 144 147 

HTB-J 0.84 75  34 28.3 235 241 145 148 

*a STD ± 1 SD; *b
 STD ± 0.5 °C; *c STD ± 2 %. 
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5.2.2.2. Glass transition and hardness of the bio-based materials 

The glass transition (Tg) is a dynamic phenomenon represented by a reversible 

transition interval, where upon heating, the materials pass from a hard and fragile state into a 

plastic or rubber state, the polymer chains becoming more mobile. It is known that this 

phenomenon does not occur suddenly at one unique temperature but rather over a range of 

temperatures, the Tg being typically defined as the inflection point of the DSC curve.52,53 

The obtained data for analyzed samples are summarized in Table 3. Following these 

analyses, an increase of the Tg values for bio-composites compared with the neat resins was 

obtained. Also, the nature of the fibers influenced this region regardless the type of the matrix. 

Both bio-composites systems show an increase of the Tg in the following order: neat resin < 

matrix-SF < matrix-LF < matrix-J < matrix-CF. The lowest increase in the Tg was generated 

by reinforcing the humins-based matrices with flax fibers (short or linseed) this transition 

region increasing with around 5‒8 °C. The addition of jute fibers enhances the transition region 

by 14 °C for both matrices. The highest values were afforded by the reinforcement with CF: 

around 59 °C for HRB-CF and ≈ 42 °C for HTB-CF. In previous studies,14,54 we developed 

humins-based resins with modulable mechanical properties (from elastomeric to rigid) using 

aliphatic diglycidyl ethers as comonomers. Following the data obtained by DSC, the Tg of the 

elastic materials was ≈ -8 °C, while that of the rigid one ≈ 27 °C. These resins were used as 

matrix to prepare composites with chicken feathers powder or non-woven mat, and lignin as 

reinforcement. In the case of resins reinforced with chicken feathers powder or mat, it was 

observed a decrease of the Tg by approximately 3‒10 °C (the filler gives support and elasticity 

to the polymeric matrix), while in case of the composites reinforced with lignin, the Tg was 

increased with about 12 °C, giving rigidity to the materials. 

Moreover, the resistance of the humins-based resins and composites material to 

permanent indentation was evaluated by Shore testing. Surface hardness of hard elastomers or 

thermosets is measured using the Shore D scale. The hardness of the resins and for the bio-

composites was analyzed using the type D gauge, the obtained values being displayed in Table 

3. These results reveal a good rigidity of materials, in the category of hard materials. Analyzing 

the surface hardness values obtained for the neat resins and composites, a similar increasing 

trend was observed for these properties as for the glass transition region. The hardness value 

for the HRB neat resin is 79SD, while the reinforcement with natural fibers enhances the 

rigidity of the composites with 2‒10SD. In the case of HTB materials, the penetration 

resistance is slightly lower (73‒77SD) compared to HRB resin and composites. The Shore 

hardness values of the obtained materials in this study were analyzed and compared with the 

materials already existing on the market, using the MatWeb online database 

(http://www.matweb.com/index.aspx). For example, hardness of the epoxy resins reinforced 
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with glass fiber obtained by molding is ranged between 75‒89SD, while for the epoxy resins 

reinforced with carbon fiber the surface rigidity is around 85‒90SD. According to the Shore D 

results obtained and compared with the values of commercial products, it can be stated that the 

composites developed in this study can be suitable for use in industrial sectors, such as the 

automotive or construction industry. 

5.2.2.3. Tensile testing 

For a better characterization and for an easier framing in an applicability area, the 

mechanical properties of the materials were analyzed by tensile tests. The stiffens of the 

materials known as Young’s modulus, the tensile strength and the elongation at break 

were determined and compared, the experimental data being shown in Figure 4 and 

Table ESI1.  

Although both matrices were developed starting from humins, the difference between 

the molecular weights, structure and chemical compositions of the epoxy coreactants generate 

networks with different mechanical properties. From Figure 4a can be observed that the 

absolute value of tensile stress of the HRB matrix (≈ 1.1 MPa) is three times lower than that of 

the HTB resin (≈ 3.4 MPa). A similar result was obtained for Young’s moduli values, the HTB 

resin having a double value compared with that of HRB resin: 805 vs. 440 MPa. As shown in 

the Figure 4b, both matrices are characterized by close values of strain, around 0.6 %. This low 

value of the elongation at break denotes that the resins developed in this study are rigid 

materials, as already report by the glass transition regions and Shore hardness results. 
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Figure 4. Comparison between the tensile properties of the neat resins and derived composites 

According with the reported studies,39,55–58 the mechanical properties of the natural 

fibers reinforced composites are strongly influenced by various factors such as the fibers 

length, content, orientation or treatment, by matrix nature or by the different techniques to 

produce the composites. An environmentally-friendly alternative for composites 

manufacturing was proposed by Fernandes et al.58. Epoxy matrices were produced from waste 

vegetable oil (blend of 3/1 of rapeseed/palm oil used 4 days for deep frying) cured with 

methylhexahydrophthalic anhydride and reinforced with flax and glass fibers. The physico-
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chemical and mechanical properties were analyzed and compared with that obtained for 

DGEBA composites. The authors report that untreated flax fiber reinforced composites led to 

low properties, instead the treatment of fibers with NaOH and steric acid led to the 

improvement of the tensile properties of the final composite without affecting other parameters. 

Boopalan et al.57 investigate the mechanical properties of the epoxy hybrid composites, in 

which jute and banana fibers act as reinforcement in DGEBA matrix. The authors conclude 

that the tensile properties are maximal for 50/50 weight ratio of jute and banana fiber reinforced 

epoxy hybrid composites, obtaining a tensile strength of around 19 MPa and the Young's 

modulus around 724 MPa. Comparing the tensile properties of the jute-reinforced composites 

developed by Boopalan et al.57 with those developed in our study, we can observed a that the 

tensile strength values of the humins-based composites (5.67 MPa for HTB-J, and 7.35 MPa 

for HRB-J) are two or three times lower than that of the DGEBA-based composites (16.62 

MPa). Although the humins-based composites reveal lower resistance at stress, their stiffness 

is similar or even two times higher than that of the DGEBA-jute composite presented in 

Boopalan et al.57 study. 

Table ESI1 summarizes the tensile properties of HRB and HTB resins reinforced with 

natural fibers. It can be noticed that the standard deviations vary from one sample to another, 

this phenomenon being common to composites reinforced with mat fibers due to intrinsic 

inhomogeneity of the non-woven fibers distribution in the samples.22,56 From Figure 4 can be 

observed that the tensile stress and elongation at break values of the bio-composites were 

improved compared to that of the two resins. Considering the tensile strength, the greatest 

improvement was given by reinforcing the resins with short flax fiber, the maximum stress 

value, 8.08 MPa, obtained for HRB-SF composite being about eight times higher than that of 

the neat resin (1.04 MPa). In the case of HTB-SF composite the increase is three times higher 

compared with the neat resin: 10.61 vs. 3.34 MPa. For both HRB and HTB based composites, 

the tensile strength increase takes place in the following order: neat resin < matrix-CF < matrix-

LF < matrix-J < matrix-SF. 

The stiffness of the materials is displayed in Figure 4c. In the case of the HRB resin, 

the addition of bio-fillers improves considerably the values of Young’s modulus. The addition 

of chicken feathers in HRB matrix increases the stiffness from 0.44 to 1.2 GPa, while the 

maximal improvement was exerted by reinforcement with short flax ≈ 1.7 GPa. The Young’s 

modulus values for the HRB composites with jute or linseed flax are similar, ≈ 1.6 GPa. 

Although for the HTB matrix the elongation at break and the tensile strength were improved 

with the addition of the bio-fillers, the Young’s modulus decreased in the composites.  

It is known that the mechanical properties of the composites are not only influenced by 

the characteristics of the matrix and fibers, but also by the interface and compatibility between 
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the two components. According with MatWeb online database 

(http://www.matweb.com/index.aspx), the mechanical properties of the bio-composites studied 

in this work have been compared with the commercial ones showing similar performances with 

epoxy/carbon fibers composites or Owens Corning glass fiber reinforced polyurethane. Also, 

the use of untreated fibers in composites development was considered as the first step for a 

possible use of the fibers as an effective reinforcement. Further studies will be carried out to 

evaluate the degree of improvement of the composites properties by applying different physico-

chemical treatments on fibers. 

5.2.2.4. Moisture absorption behavior  

The moisture absorption of the prepared materials was evaluated using the ASTM D570 

method. The water uptake evolution of the bio-based materials is displayed in Figure 5. 

According to reported studies, the water absorption of bio-based materials is influenced by a 

variety of factors.59–61 One of the first defect that can influence the water absorption is 

generated by the presence of the micro-cracks and pores which can appear in brittle matrices 

as in some epoxy resins.59,62 In Figure 6 are illustrated the morphologies of materials’ fractures 

observed by SEM analysis. The presence of the micro-pores, specific to brittle resins, can be 

seen. These cracks led to the moisture absorption in the neat resins, the saturation of the HRB 

resin being reached after 40 hours absorbing around 12.5 wt.%, while HTB resin uptake is ≈ 

12.14 wt.%. The moisture uptake values are also directly correlated with the number of the free 

hydroxyl or other polar groups present in the humins-based resins which can increase the water 

absorption by hydrogen bonding with water.63 
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Figure 5. Evolution of water uptake of the resins and their composites (a) HRB and (b) HTB 

materials 
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HRB-Neat resin 

HTB-Neat resin 
Figure 6. SEM images of the humins-based resins 

A factor that influence the moisture behavior of the composites is represented by the 

fiber’s nature. Lignocellulose fibers are highly hydrophilic due to the presence of the -OH 

groups which permit moisture absorption by hydrogen bonding.59 When exposed to water, the 

fibers from composites swell causing new micro-cracks and increasing the water transport 

through the fiber-matrix interface.64 From Figure 5 we can observe that the amount of absorbed 

water increases linearly at the beginning, being gradually slowed down with the saturation. For 

HRB composites, the highest water absorption was obtained with the CF, with a maximum 

value 21%. For the HRB composites with vegetal fibers an increase of 1‒3% in WA was 

obtained, compared to that of neat resin. In the case of the HTB composites with, the moisture 

absorption shows a higher increase, in the following order: HTB-J > HTB-LF > HTB-CF > 

HTB-SF. The difference in WA between the 2 types of resins can be due to several factors. For 

example, the presence of fibers in the composites can interfere in the cure process of the matrix, 

leading to a decrease in the matrix crosslinking so facilitating the water penetration in the 

matrix’s network, increasing the water absorption in the composite. Also, a low adhesion 

between matrix and fibers can influence the moisture uptake of the final composites. Similar 

WA behavior to that presented in this work was found by Dutta et al.65 for bio-composites 

developed with epoxy-modified Messua ferrea L. seed oil based polyurethane resins reinforced 

with alkali-treated jute fibers. The authors report a WA ≈ 20‒55% in function of the matrix 

nature or the treatment applied on the fiber surface. Manthey et al.65 developed new epoxidized 

hemp oil-based bio-composites reinforced with jute fibers. The moisture absorption results 

show that the bio-composites followed a linear behavior, whereby the moisture weight 

gradually reached an equilibrium after a rapid initial phase (15‒26%), being competitive with 
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commercially produced epoxidized soybean oi (ESO) in terms of mechanical performance, 

dynamic mechanical properties and WA characteristics. According to studies,66 the delay or 

diminution of composites’ water absorption can be achieved using adequate coatings or fibers 

treatment. 

5.2.2.5. Fibers/matrix interface investigation by SEM analyses  

One of the essential criteria in the composite’s development is represented by the 

effective wetting and compatibility between the fiber reinforcement and the polymer matrix. A 

proper wettability and compatibility between the two components generate a good adhesion 

between the fibers and matrix, thus the final properties are optimal. The fracture surfaces of 

the humins-based composites were examined by SEM to investigate the adhesion between the 

HRB and HTB matrices with the bio-fillers. Different magnifications were used for a better 

visualization of the fracture structures, thus obtaining both a representative image of the total 

behavior of the fiber-matrix and a closer examination of the individual fiber-matrix cohesion. 

Figure 7 displays the fiber-matrix interface for the HRB based samples, while in Figure 8 shows 

the adhesion of the natural fibers with HTB matrix.  

Analyzing the SEM micrographs, we can observe a good adhesion fillers-matrix, 

without having a prior treatment of the fibers. In the case of composites with chicken feathers, 

it is possible to observe a few fibers pull-out, which would indicate a slightly lower 

compatibility between humins-based resins and CF fiber, compared to the composites with 

vegetal fibers. This result may be due to the presence of a fat layer on the chicken feathers 

surface, which could act as a fine barrier decreasing their adhesion to the matrix. Another small 

defect observed in the SEM pictograms is the presence of small cracks in the polymeric matrix 

that could lead to the influence of the composites properties. These micro-cracks could be 

caused by the introduction of air inside the material during manufacturing but can be eliminated 

by a prior degassing of the mixtures before crosslinking. 
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HRB-CF 

HRB-SF 

HRB-LF 

HRB-J 
Figure 7. SEM micrographs of fractures’ surface of bio-composite developed with HRB matrix and 

bio-fillers 
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HTB-CF 

HTB-SF 

HTB-LF 

HTB-J 
Figure 8. SEM micrographs of the fractures’ surface of bio-composite developed with HTB matrix 

and bio-fillers 

In Figure 7 and Figure 8 we can observe an excellent adhesion of vegetal fibers to the 

humins-based matrices, due to the fibers hydrophilic character which leads to a proper chemical 

affinity in the case of humins that is an hydrophilic macromonomer. The interfacial 

delamination between the resin phase and fibers is not present, nor gaps between the two 

elements. According with the SEM pictograms, the fibers that protrude out of the material's 

fracture surface are covered with resins, indicating a close contact between the vegetal fibers 

and polymeric matrices. 
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Consequently, the reinforcement of the humins-based matrices with untreated natural 

non-woven fibers led to a proper interaction and adhesion between the compounds, generating 

composites with optimal properties. 

5.2.3. Mechanical recycling of the humins-based composites 

The recycling of the thermoset materials at the end of their life cycle is a very difficult 

challenge because they are crosslinked. Due to this fact, thermoset composites materials cannot 

be remelted or remolded like thermoplastics materials.67 

In this study, the humins-based resins but also the composites with chicken feathers and 

vegetal fibers non-woven were successfully recycled by a thermo-mechanical procedure which 

is graphically illustrated in Scheme 1. Firstly, the composite materials were mechanically 

grinded. Then, the ground mixture of matrix and fibers was placed between two metallic plates 

covered with Kapton film and placed into a hydraulic heated press. To reconstruct the 

thermoset composite material, the grounded mixture was thermal treated at 175 °C for one hour 

applying a pressure of 1 bar. The appearances of the resins and composites after the mechanical 

recycling are shown in Figure 9. 

Scheme 1. Schematic representation of the mechanical recycling protocol 

a)  

b)  
Figure 9. Aspect of (a) HRB resin and composites and (b) HTB resin and composites after the 

mechanical recycling 

In our previous studies,38,47 the chemical mechanism of polymerization between humins 

and epoxy compounds initiated by a tertiary amine has been analyzed and investigated by 
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different techniques, thus demonstrating that an anionic mechanism is involved in humins-

epoxy copolymerization. Following the thermo-mechanical recycling process, the humins-

based materials show that they can be thermally remodeled. In our previous studies,38 it was 

also shown that copolymerization reactions are accompanied by humins structural 

rearrangements γ-keto cyclization and γ-keto esterification. These structural rearrangements 

are favored by high temperatures and can be an important factor in increasing and improving 

the recycling capacity of humins-based thermoset materials. When exposed to heat, humins 

resins and composites become flexible and can be recycled, while after cooling at room 

temperature, the materials become rigid. Thereupon, the polymer chains in the humins-based 

resins and composites can reorganize and reshape into any desired physical form, making them 

suitable for mechanical recycling. 

After the thermo-mechanical recycling, the thermal degradation, the glass transition 

region of the obtained materials but also the interaction and morphology between fibers-matrix 

were analyzed in order to study the influence of the recycling on the physico-chemical and 

mechanical properties of the humins-based materials. According to the literature,67–69 the 

properties of the recycled materials are slightly reduced compared to the initial ones. Zhang et 

al.67 developed self-healing and recyclable polymeric materials based on furan-groups, 

alternating thermosetting polyketones and bis-maleimide by using the Diels-Alder and Retro-

Diels-Alder reaction sequences. Analyzing the physical and mechanical properties of the 

thermo-mechanically treated materials, they showed that this polymeric system can repeatedly 

heal or repair itself multiple times, without undergoing major changes in their properties. Badia 

et al.69 analyzed the effects of multiple mechanical recycling on the structure and properties of 

amorphous polylactide (PLA) materials. The five successive cycles of recycling PLA materials 

have changed their structure and morphology, also influencing its thermal and mechanical 

properties. 

In this study, the thermal stability of recycled materials was analyzed under oxidative 

atmosphere, the TGA and DTA thermograms being displayed in Figure ESI5. The 

thermogravimetric curves of the recycled bio-composites reveal similar appearance with the 

initial ones, presenting two complex main steps of degradation. The thermal degradation onset 

temperatures of the recycled materials in which the bio-composites lose 5% of their mass are 

plotted in Table 4 and compared with the values obtained for the virgin ones. We can observe 

that the recycling influences the thermal stability of materials, but the differences are not so 

significant. In the case of the recycled HRB matrix, the T5% is with 6 °C lower than the value 

obtained for the initial resin, while for the recycled HTB resin the decrease in thermal stability 

is with around 18 °C. The recycling process of HRB composites decreases the thermal stability 
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of the bio-materials with around 2‒5 °C, while for the HTB-based composites the recycling 

also reduces the T5% values of the materials by about 8 °C.   

Table 4. Comparison between the T5% , the statistic heat-resistant index (Ts) and the glass transition 

(Tg) of the initial and recycled materials  

Sample T5%
*a (°C) Ts

*a (°C) Tg
*a (°C) 

HRB 251 160  30 

Rec-HRB  245 156 28 

HRB-CF 240 147 59 

Rec-HRB-CF 239 153 51 

HRB-SF 238 147 37 

Rec-HRB-SF 235 150 24 

HRB-LF 245 149  37 

Rec-HRB-LF 240 152 24 

HRB-J 235 145  44 

Rec- HRB-J 233 150 24 

HTB 250 153  21 

Rec-HTB 232 148 23 

HTB-CF 249 151  42 

Rec-HTB-CF 241 147 45 

HTB-SF 240 146  26 

Rec-HTB-SF 232 142 28 

HTB-LF 240 144 28 

Rec-HTB-LF 232 145 36 

HTB-J 235 145  34 

Rec-HTB-J 235 148 32 
*a STD ± 0.3 °C. 

The mechanical properties of the recycled materials were also evaluated by determining 

their glass transition (Tg), using the DSC technique, the obtained results being summarized in 

Table 4. For the HRB-based materials it can be observed that the recycling process leads to the 

decrease of the transition region, thus generating more flexible materials than the initial ones. 

For the HRB-CF recycled composite the Tg value decrease with around 8 °C, while for the 

composites with short and linseed flax the decrease is with ≈ 13 °C. The more striking 

diminution was obtained by the recycling of HRB-J composite leading to a half of the Tg value 

compared to the initial material (44 °C). For the HTB materials the recycling process gives 

rigidity to the materials, the transitions regions being increased. The glassy transition region of 

the recycled HTB composites was increased with around 2‒8 °C, the highest being obtained 

for HTB-LF composite (36 °C). 

The recycled materials were analyzed by SEM to investigate the impact of the recycling 

on the fibers’ adhesion to the matrix (Figure ESI6 and Figure ESI7). It can be observed that the 

morphology and the adhesion between fibers and matrices are affected by the mechanical 

recycling process. In the recycled composites the fibers are shorter due to mechanical grinding 
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and their distribution is non-directional but uniform. The fibers-matrix adhesion is lower in the 

case of recycled materials compared with the virgin ones, observing the appearance of voids 

and cracks on the filler-matrix interface. Also, it can observed that the recycled humins-based 

matrices are less smooth and homogeneous compared with the initial resins.  

In conclusion, the recycling process applied to the humins-based resins and composites 

led to physico-mechanical modifications of the materials. A more detailed investigation on the 

performances of virgin and recycled materials, on the influence of the chemical treatment of 

the fibers reinforced in composites, and also the influence of different parameters on the 

mechanical recycling process will be discussed in a future work. 

5.3. Conclusions  

New thermoset resins were developed by copolymerizing the humins with epoxy 

comonomers. The developed humins-based resins were used as matrices in the composites 

production in which untreated chicken feathers and vegetal non-woven fibers were used as 

reinforcements. The physico-chemical and mechanical properties of the obtained resins and 

composites were analyzed and compared, showing that the reinforcement led to an increase of 

Tg region in the range 26‒58 °C. The stiffening of the materials by reinforcement with the bio-

fillers was also confirmed by the Shore hardness test, the measured values (74‒85SD) being 

comparable with those of commercial materials such as epoxy/glass fibers or epoxy/carbon 

fibers composites. The tensile properties of the resins and their composites were determined 

and compared showing the increasing of the tensile strength and the elongation at break of the 

composites. The stiffness of the bio-composites was also analyzed. For the HRB materials the 

addition of the bio-fillers improved the Young’s modulus values from 0.44 GPa to 1.2‒1.7 

GPa, while for the HTB materials was observed an opposite effect, the stiffness of the 

composites being slightly decreased (from 0.8 GPa to 0.57‒0.77 GPa). The matrix/filler 

interface and the adhesion between the two compounds were analyzed by SEM. It was observed 

a proper adhesion and a good compatibility between the matrices and the chicken feathers and 

vegetal fibers non-woven without a prior treatment of the fillers.  

Finally, the obtained materials proven their capacity to be mechanically recycled 

without producing significant changes in their properties.  
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5.4. Experimental 

5.4.1.  Materials 

The humins were produced and supplied by Avantium Chemicals (Geleen, 

Netherlands). The resorcinol diglycidyl ether (RDGE), trimethylolpropane triglycidyl ether 

(TMPTE), N, N-dimethylbenzylamine (BDMA) and 2,4,6-tris(dimethylaminomethyl)phenol 

(DMP-30) were purchased from Sigma-Aldrich (France) and used as received. The chemical 

structures of humins, RDGE, TMPTE and initiators are given in Scheme ESI1 and the proposed 

structure of the humins-epoxy copolymer is presented in Scheme ESI2. 

The non-woven fabric with chicken feathers (CF) were developed by IBWCh 

combining 90 wt.% chicken feathers fibers with 10 wt.% bicomponent synthetic fibers, core 

PET, Type T25 Biko flat 2.2 dtex, semi-matte, used in the production of wet-laid non-woven.70  

Three non-woven fabrics provided by Dierickx Visschers NV company used in this 

work for the developments of the bio-composites are made from vegetal fibers such as short 

flax (SF, 400 g/m3), linseed flax (LF, 600 g/m3) and jute (J, 600 g/m3).  

5.4.1.1. Samples preparation 

To develop the humins-based thermosetting resins, the required quantity of humins was 

heated for decreasing its viscosity. The preheated humins samples were then vigorously mixed 

with the epoxy comonomers RDGE or TMPTE. To initiate the humins/epoxy reactions, two 

different catalysts such as BDMA and DMP-30 were tested separately, thus obtaining four 

different type of formulations like humins/RDGE/BDMA, humins/RDGE/DMP-30, 

humins/TMPTE/BDMA and humins/TMPTE/DMP-30.   

Composite panels with non-woven chicken feathers fibers were consolidated from 2 

plies of mats, while the composites with vegetal fibers were developed with only one layer of 

non-woven fabric. The number of non-woven layers used for the composites production was 

selected in order to reach a thickness of about 0.4 cm.  

The non-woven fabrics were cut in accordance with the mold size, then immersed in 

the uncured thermosetting resin and maintained the needed time to allow the fabric to absorb 

the proper quantity of resin to reach the saturation. The impregnated non-woven were then laid 

in a metallic mold and placed in a Carver heated press. The composites processing protocol 

began by maintaining them at 80 °C for 2 hours and another hour at 140 °C, applying 2 tons 

pressure. To ensure complete crosslinking of the materials, the bio-composites were post-cured 

for 1 hour at 180 °C and 2 tons pressure.  

The identification of resins and composites was facilitated by coding them according 

to their composition using the initials of the compounds as acronyms; humins was noted with 

“H”, RDGE with “R”, TEMPTE with “T”, “B” was used for BDMA and “D” was used for 
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DMP-30. The non-woven fabrics were abbreviated as following: “CF” for chicken feathers, 

“SF” for short flax, “LF” for linseed flax and “J” for the non-woven jute fabrics. Therefore, the 

resin with 55 wt.% humins, 40 wt.% RDGE and 5 wt.% BDMA was noted as “HRB” while its 

composite with chicken feathers non-woven was abbreviated with “HRB-CF”. 

5.4.2. Experimental techniques 

5.4.2.1.  Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry was firstly used to study the thermal induced 

copolymerization. Uncured thermosetting resins formulations were analyzed using a Mettler-

Toledo DSC 3 apparatus equipped with STARe Software. For each formulation, samples of 5‒

10 mg were reacted under non-isothermal condition in 40 µl aluminium pans. The thermal 

aspects of the resins crosslinking were analyzed in the temperature range between 25‒230 °C, 

at a heating rate of 10 °C min-1. 

The reversible transitions of amorphous materials from a molten or rubber state to a 

hard and relatively fragile state, called the glass transition (Tg), has also been studied by DSC. 

Samples of 7‒12 mg of cured or recycled bio-materials were analyzed applying two heating/ 

cooling cycles from -50 °C to 240 °C at 10 °C min-1 heating rate. The Tg values (inflection 

point) for all the bio-based materials were measured in the second heating analysis. 

5.4.2.2.  Thermogravimetric analysis (TGA) 

Thermogravimetric analysis was used to study the thermal stability of the crosslinked 

bio-materials. A TGA 2 Mettler-Toledo device was used to analyze the thermal degradation, 

mass loss and the derivative mass loss of the bio-based materials as a function of temperature. 

Samples of 10‒15 mg were tested in 70 µl aluminium crucibles, using a dynamic heating from 

25 to 1000 °C at a heating rate of 10 °C min-1. The thermal stability of the materials was 

analyzed in both oxidative (air) and inert (nitrogen) atmospheres at a debit of 150 mL min-1. 

The materials degradation temperature was considered as the temperature at which the samples 

lose 5% of its mass, T5%. 

5.4.2.3.  Shore hardness test  

The hardness of the humins based resins and composites were determined in accordance 

with ISO 7619-1, ASTM D2240 and ISO 86 using a Zwick Roell 3116 Hardness Tester. The 

Shore D hardness device was pressed smoothly against the samples with a load force of 50 N 

± 0.5 N. The samples hardness value was read after the firm contact between the presser foot 

and the tested materials. 
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5.4.2.4.  Tensile test 

The mechanical properties of prepared materials, such as Young’s modulus, tensile 

strength and elongation at break were determined by tensile tests using an universal testing 

machine Instron 3365 (Norwood, MA, USA) controlled by BlueHill Lite software. For each 

formulation, five rectangular samples with the dimension of 75 × 10 × 4 mm3 were tested 

applying a crosshead speed of 10 mm min-1. The obtained data were averaged for a better 

accuracy of the results. 

5.4.2.5.  Water absorption (WA%) 

Another important characteristic analyzed in this study was the percentage of absorbed 

water of the materials depending on time. The bio-based resins and composites were analyzed 

using the international standard method ASTM D570. Three rectangular samples (50 × 8 × 4 

mm3) for each formulation were analyzed and the results were averaged in order to avoid the 

errors. The cured samples were firstly dried in an oven at 50 °C for 24h, then cooled in a 

desiccator and weighed (W0) using a ML3002T Mettler-Toledo precision balance. After 

weighing, the samples were immersed in 20 mL deionized water and maintained for 24h at 

room temperature. Thereafter, the samples were removed, wiped with a dry towel, weighed 

(Wt) and then immediately immersed again in deionized water. The percentage of water 

absorption (WA%) was calculated using the following equations:  

��% =
�� −��

��

× 100 

5.4.2.6.  Evaluation of the resin-fiber interaction by Scanning Electron 
Microscopy (SEM) 

The adhesion between the natural fibers and the humins-based thermoset matrices, but 

also the morphology of fracture surface of the bio-composites were investigated by scanning 

electron microscopy (SEM). Fresh fractures of samples of cured materials but also the recycled 

one were mounted on a SEM stub and coated with platinum prior to observations and 

afterwards observed using a Tescan Vega 3 XMU SEM at an accelerating voltage of 5 kV.   

5.4.2.7.  Mechanical recycling of the humins-based resins and composites 

In the first step, cured samples of each formulation were mechanically grinded using 

an electric grinder. Then, the grinded samples were place on Kapton film between two metal 

plates and placed in a heated press. To find the proper recycling protocol, different parameters 

like temperature and pressure were modulated and tested. Finally, the resins and composites 

were mechanically recycled at a temperature of 175 °C for 1h and 2 tons pressure. 
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Scheme ESI 1. Molecular structure of a) humins, b) RDGE, c) TMPTE, d) BDMA and e) DMP-30 

Scheme ESI 2. Proposed structure of the humins-epoxy copolymer 
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Figure ESI 1. DTA thermograms during heating at 10 °C min-1 under nitrogen flow of (a) HRB resin 

and composites, (b) HTB resin and composites and (c) chicken feathers and vegetal non-woven fibers 

Figure ESI 2. Thermogravimetric curves registered at a heating rate of 10 °C min-1 under oxidative 

atmosphere for (a) HRB resin and composites, (b) HTB resin and composites and (c) chicken feathers 

and vegetal non-woven fibers 

Figure ESI 3. DTA curves at a heating rate of 10 °C min-1 under oxidative atmosphere for (a) HRB 

resin and composites, (b) HTB resin and composites and (c) chicken feathers and vegetal non-woven 

fibers 
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Table ESI 1. Tensile data for the cured humins-based resins and composites with chicken feather and 

vegetal non-woven fibers 

Formulation Young’s Modulus 
(MPa) 

Maximum Stress 
(MPa) 

Maximum Strain 
(%) 

HRB 436.24 ± 40.49 1.04 ± 0.32 0.62 ± 0.1 
HRB-CF 1190.58 ± 44.47 4.11 ± 0.41 0.43 ± 0.1 
HRB-SF 1677.46 ± 316.75 8.08 ± 0.48 1.40 ± 0.63 
HRB-LF 1556.07 ± 198.65 6.17 ± 2.06 0.8 ± 0.33 

HRB-J 1579.41 ± 352.39 7.35 ± 1.05 1.01 ± 0.21 
 

HTB 804.83 ± 118.31 3.34 ± 0.75 0.63 ± 0.11 
HTB-CF 773.38 ± 83.37 4.08 ± 1.47 0.70 ± 0.26 
HTB-SF 578.97 ± 66.16 10.61 ± 2.87 3.18 ± 0.71 
HTB-LF 732.53 ± 53.50 6.51 ± 1.05 1.72 ± 0.00 

HTB-J 649.21 ± 147.20 5.67 ± 0.48 1.02 ± 0.13 

Figure ESI 4. TGA analysis comparison of the T5% values of the matrices, fibers and composites, in 

air flow: (a) HRB resin and composites and (b) HTB resin and composites 

Figure ESI 5. TGA thermograms obtained at a heating rate of 10 °C min-1 under oxidative 

atmosphere for (a) recycled HRB resin and composites and (b) recycled HTB resin and composites 



 

 

 

153 Reprocessable Humins Thermosets and Composites for Sustainable Applications 

Recycled HRB-CF Recycled HRB-SF 

Recycled HRB-LF Recycled HRB-J 
Figure ESI 6. SEM micrographs of the recycled HRB composites 

 

Recycled HTB-CF Recycled HTB-SF 

Recycled HTB-LF Recycled HTB-J 
Figure ESI 7. SEM micrographs of the recycled HTB composites 
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This chapter is based on Roxana Dinu, Cristina Cantarutti and Alice Mija, “Design of 

Sustainable Materials by Cross-linking a Biobased Epoxide with Keratin and Lignin”, ACS 

Sustainable Chemistry & Engineering, ����, 
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Abstract 

 

 

 

Awareness of the environmental impact of using polymeric materials obtained from 

petroleum is causing increased interest in sustainable materials manufacturing. Here, we 

present the elaboration of fully biobased materials using an aromatic epoxy resin matrix 

coming from wood biomass and two natural by-products, namely, keratin from chicken 

feathers and lignin. In situ FTIR kinetic studies show that the two natural fillers increase 

the conversion of the epoxide during cross-linking. This result, together with DSC studies, 

proves the chemical interactions between the keratin or lignin and the epoxide network. 

Up to 30% of these natural components could be reacted and incorporated into the 

epoxide with a good compatibility. The thermomechanical properties of the elaborated 

materials are comparable to those of commercial ones. 
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6.1. Introduction 

Growing concerns over the sustainability of polymeric materials from economic and 

environmental point of view have led to the development of materials based on biorenewable 

resources. Biomass has shown to be a huge source for the formulation of new polymers and 

materials with thermomechanical properties comparable to synthetic and petroleum-derived 

polymers but with a much lower environmental impact.1–4 Moreover, in accordance with the 

circular economy system, which aims at eliminating waste, it is becoming increasingly clear 

that remanufacturing industrial by-products is an urgent need.5,6 

In this perspective, we describe the formulation and the properties of biorenewable 

composite materials made up of a woody aromatic epoxy resin, i.e., resorcinol diglycidyl ether 

(RDGE), reinforced with two natural waste products that are chicken feathers (CF) and lignin. 

RDGE is a diepoxy monomer (Figure 1a) obtained from the glycidylation of resorcinol that is 

part of the lignocellulosic aromatic fraction.7 Regarding the sustainable production from 

biomass of resorcinol, the literature mentions several ways. Gioia et al.8 indicate the 

fermentation and/or chemical process to produce the resorcinol. In this manner, resorcinol can 

be obtained from catechins by fermentation or from glucose following two ways: via an inositol 

intermediate or via a triacetic acid lactone intermediate. Another references indicate the 

resorcinol synthesis by “Frost method”: the deoxygenation of polyhydroxybenzenes.9 

Recently, Modjinou et al.10 have reported the synthesis of resorcinol via an extraction process 

after the melting of Galbanum sagapenum gum resins. 

RDGE’s homopolymerization gives polymers (Figure 1b) with high thermomechanical 

performance.11 RDGE has the big advantage to have a low viscosity (300‒500 mPa s), being 

the most fluidic aromatic epoxide, which is an ideal matrix to embed natural reinforcements.7,11 

CFs constitute the principal waste from poultry industry with 3.1 million tons per year only in 

the European Union alone.12 Nowadays, chicken feathers are mainly dispersed in landfills, 

incinerated or to a minor extent used to produce low-nutritional-value animal food. Moreover, 

the increasing consumption of chicken meat will make even more troubling the chicken feather 

fate issue. CF are mainly constituted by β-keratin that is a filament-forming protein. Its 

structure is the result of the lateral packing of β-strands held together by intermolecular 

hydrogen bonds (Figure 1c). Only the central part of the polypeptide chain is involved in this 

structure, while the terminal part winds around and forms an amorphous matrix in which the 

fibres are dispersed.13 Thanks to their peculiar physical and mechanical properties,14 chicken 

feathers have been extensively used as reinforcements for composite materials.15 Commonly 
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used matrices are synthetic polymers like polypropylene,16,17 polyethylene18,19 and the 

copolymer styrene-butadiene.20 

 

a) 

 

b) 
c) 

d) 

Keratin from chicken feathers is also incorporated in biodegradable matrices made by 

polylactic acid and polybutyrate adipate terephthalate, but the fabrication procedure requires 

high temperatures (170 °C for matrix melting and 200 °C for composite consolidation) because 

these polymers have high melting points.12 Concerning epoxy matrices, there are only a few 

reported examples of chicken feathers composites, all of which based on bisphenol A and 

bisphenol F diglycidyl ethers (DGEBA and DGEBF).21–23 Bisphenol A and F are both 

petroleum-derived and are known to have toxic effects.24 

Lignin comes from the cell wall of plants, especially the woody tissues. It is a phenolic 

frame network resulting from the dehydrogenative radical polymerization of monolignols, i.e., 

p-coniferyl, -coumaryl and -sinapyl alcohols, connected through carbon-carbon and ether 

bonds.25 The functional chemical groups characteristic of lignin are the hydroxyl (phenolic and 

alcoholic), methoxy, carbonyl and carboxyl (Figure 1d). Lignin is a by-product of chemical 

pulping processes (sulphite and Kraft process). Organic solvent26 or high-pressure steam 

treatment are alternative delignification technologies. Twenty billion tons of lignin is produced 

per year,2,27 and most of it is simply burned for energy. Also, lignin has shown to be a suitable 

Figure 1. Molecular structure of a) RDGE, b) homopolymerized RDGE, c) chicken feathers keratin, 

and d) lignin 
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material for composite formulation.28 It has been used as an additive for synthetic polymers 

like polypropylene29 and polyvinyl chloride30 and for rubber composites.31 The main epoxy 

resin used in combination with lignin has been until now the DGEBA.32,33 Zhang et al.34 reacted 

different types of lignin (e.g., raw lignin, demethylated lignin, phenolated lignin and 

hydroxymethylated lignin) with epichlorohydrin in order to develop new chemical grouting 

materials as replacements for petroleum-based epoxy precursors. Recently, a lignin-epoxy 

resin based on glycerol diglycidyl ether has been formulated as wood adhesive.35 Furthermore, 

lignin-based materials have been produced with epoxidized lignin.32,36,37 

6.2. Results and Discussion 

6.2.1. Reactivity study  

In order to establish the optimal cross-linking parameters and also to analyse the 

influence of lignin/ keratin on the curing of the epoxy resin, different combinations of uncured 

mixtures were studied by dynamic DSC. Figure 2 show the obtained heat flow evolutions as a 

function of the temperature. Surprisingly, the enthalpy of reaction in the initiated systems with 

the fillers is very close to that of the neat epoxide homopolymerization (Table 1). For both 

systems, we can observe that the curves’ slopes are higher, and the two peaks are narrower than 

the homopolymerization RDGE peak. This finding is an indication that the two natural products 

are not inert fillers but chemical co-reactants with the epoxy matrixthat are finally chemically 

linked. Furthermore, a decrease of the reaction temperature interval and of the maximum 

temperature of reaction was observed for both initiated curing systems in presence of K and L 

(Table 1). These results could be again the sign that both K and L are participating in the 

chemical cross-linking reaction rather than being just inert fillers. To further verify this 

hypothesis, i.e., the chemical reactivity between the RDGE and K or RDGE and L, the two-

component mixtures (R_K and R_L) without any catalyst were submitted to thermal curing. 

Figure 2. DSC scans registered during heating at 

10 °C min-1 of RDGE (black solid line), of RDGE 

with K (red solid line), or L (blue solid line) 

initiated by the mixture of 5 wt.% BDMA/DMP-30. 

The dashed lines correspond to uncatalyzed 

mixtures. 
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Table 1. Reactivity data of RDGE and RDGE curing systems with keratin and lignin obtained by 

dynamic DSC. 

 R_I R_K R_L R_K_I R_L_I 

Reaction Tmax 
(interval) (°C) 

110 ± 1 
(35‒192) 

180 ± 1 
(116‒220) 

140 ± 1 
(86‒175) 

101 ± 1 
(33‒142) 

105 ± 1 
(33‒168) 

Enthalpy of 
reaction (J g-1) 

414 ± 2 389 ± 2 17 ± 1 418 ± 2 415 ± 2 

As shown in Figure 2, the presence of a very small and large exothermic peak at around 

140 °C for the RDGE_Lignin mixture can be seen, in contrast to the RDGE_Keratin reaction 

accompanied by a high exotherm and a complex profile showing two partially overlapped 

peaks centered at approximately 165 °C and 190 °C. This latter peculiar pattern suggests that 

the reaction between K and RDGE in the absence of catalysts is characterized by two sequential 

reactions. In the DSC heating scans of raw materials alone, the absence of any exotherm could 

be observed (Figure ESI1), results that confirm again that K and L actually react with RDGE. 

To follow the molecular structural evolution during curing, attenuated total reflection 

Fourier transform infrared (ATR-FTIR) spectra were recorded at increasing temperatures going 

from 30 °C to 200 °C with a heating rate of 10 °C min-1 collecting a spectrum every 10°. The 

assignment of starting material spectra is reported in the Electronic Supporting Information 

(Figure ESI2). The same FTIR analysis was done on the neat RDGE as control. During heating 

of all the samples, the opening of the epoxy moiety is supported by the decrease in RDGE 

oxirane signal at 901 cm-1, an increase in the band at 1080 cm-1 that reflects alcohol CO 

stretching, and an increase in the OH stretching band between 3500 and 3600 cm-1 (Figure 

ESI3a‒c). The extent of the polymerization reaction was calculated considering RDGE epoxy 

conversion (α) determined from the area of the peak at 901 cm-1 (A901) as follows: 

� = (
����(�	 °�
� ����(�


����(�	 °�


        (1) 

where A901(30 °C) and A901(T) are the epoxy peak areas at 30 °C (taken as reference) and at 

temperature T, respectively. Before measuring the area of the epoxy peak, the spectra were 

normalized to RDGE aromatic peak at 1594 cm-1. The conversion-temperature data are 

reported in Figure 3. The data suggest that the reactivity of the epoxy monomer is higher in the 

systems comprising K or L then in the neat resin. Moreover, between the two reinforcements, 

K appear to increase to a larger extent the cross-linking reaction. These results are in agreement 

with the DSC results. FTIR spectra were recorded also in the absence of the catalysts. When 
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RDGE is used alone, as the temperature increases, the epoxy signal decreases in intensity, but 

as the temperature goes back to 30 °C, the epoxy absorbance is recovered (Figure ESI4a).  

This means that RDGE alone do not homopolymerize by simply increasing the 

temperature. The reduction in epoxy signal is likely to reflect intrinsic vibrational effects and 

density changes, as already reported in literature.38,39 When K or L is present, the epoxy peak 

decreases in intensity as well, but after cooling down to 30 °C, there is no signal recovery 

(Figure ESI4b and c), meaning that the two fillers are able to open the RDGE’s oxirane rings. 

Again, in agreement with DSC data, K show a higher reactivity (Figure 4). Both keratin and 

lignin have nucleophilic groups (Nu) that are able to open and react with the epoxy ring. 

Chicken feathers are mainly constituted by keratin that is a fibrous protein. Polypeptide chains 

have many reactive functional groups including amine, carboxylate, sulfhydryl, and hydroxyl 

that can react with epoxies. Sulfhydryl involvement in epoxy ring opening is unlikely since it 

is engaged in the preservation of keratin structure through the formation of strong disulfide 

bonds. Amino, carboxylate, and hydroxyl nucleophilic groups can all attack the epoxide 

electrophilic carbons (Scheme 1).  

Figure 3. Epoxy conversion (α) as a function of 

temperature for R_I (black dots), R_K_I (red 

dots), and R_L_I (blue dots). The data are the 

average of three independent measurements, and 

the error is the standard deviation. The lines 

correspond to the Boltzmann sigmoidal fitting 

Figure 4. Epoxy conversion (α) as a function 

of temperature for R_K (red squares) and R_L 

(blue squares). The data are the average of 

three independent measurements, and the 

error is the standard deviation. The lines 

correspond to the Boltzmann sigmoidal fitting 
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In general, FTIR spectrum of K is dominated by the absorbance of the polypeptide 

backbone chain, which undergoes complex evolution during temperature increase (Figure 

ESI5a) due to the rearrangement of the keratin highly ordered structure.40 By increasing the 

temperature in the system R_K_I, in addition to the previously mentioned spectral changes 

reflecting the epoxy ring opening, two new bands appear and increase in intensity: one at 1115 

cm-1 and one at 1225 cm-1 (Figure ESI4b). These two bands correspond to the stretching of 

aliphatic ether and carbon-nitrogen bond, respectively, which are formed from K’s hydroxyl 

and amino groups attacking the RDGE epoxy moiety (Scheme 1a and b). Because of the peak 

superposition, no clear evidences of ester formation can be obtained from the IR spectra 

(Scheme 1c); therefore, the third cross-linking mechanism appears to occur in a negligible 

extent. From the comparison of the IR spectra recorded on R_K samples in the presence and in 

the absence of the BDMA/DMP-30 mixture, it was not possible to determine the actual nature 

of the second sequential reaction that corresponds to the second peak centered at 190 °C in the 

DSC curve (Figure 2) recorded only in the absence of the catalysts. Probably, it is a secondary 

reaction that involves the hydroxyl function formed from epoxy ring opening e.g., a 

transesterification of protein’s carboxylic acid. This secondary reaction does not occur when 

the catalysts are present because in that case the epoxy ring opening suddenly creates a 

molecular complex that prevents the accessibility of the new hydroxyl moiety to other keratin 

reactive functional groups.  

a)

b)

c)

Scheme 1. Schematic representation of the three principal reaction pathways between proteins and 

epoxies. The new bonds are depicted in bold 

a) b)

Figure 5. Molecular structures of cross-linked RDGE and lignin through (a) alkyl aryl ether and (b) 

alkyl ether bonds. The new bonds are depicted in bold 



 

 

 

163 Design of sustainable materials by cross-linking a biobased epoxide with keratin and lignin 

 

Regarding the system with lignin, during R_L_I heating, a new band at 1209 cm-1 

appears and grows as the temperature increases (Figure ESI3c). This band corresponds to the 

aryl alkyl ether bond (Figure 5a) stretching, absent in the lignin spectrum (Figure ESI5b), that 

can arise only if lignin phenolic functions open the RDGE oxirane ring. Moreover, the peak 

corresponding to aliphatic ether stretching increases as well suggesting that also the aliphatic 

alcohols present in lignin structure contribute to the cross-linking reaction (Figure 5b).  

 

In both samples, the C-OH stretching band falls above 1075 cm-1 indicating the 

formation of a secondary alcohol rather than a primary one. This implies that the reaction 

proceeds through an SN2 mechanism giving the regioisomer coming from the nucleophilic 

attack on the less substituted epoxy carbon (Scheme 2a). On the other hand, if the mechanism 

was a SN1, a primary alcohol would have been formed (Scheme 2b). The occurrence of the SN2 

mechanism is also consistent with the basic conditions.  

6.2.2. Physico-chemical characterization of RDGE-based composites 

6.2.2.1. Thermal stability of the obtained materials 

The thermochemical stability of the obtained composites was analyzed under oxidative 

and inert atmospheres and compared with the unfilled epoxy resin. Figure 6 illustrates the 

thermogravimetric (TGA) and DTA, differential thermal analyses, results as a function of 

temperature under air flow.  

These measurements show the presence of two major steps of thermal decomposition. 

In the case of composites, a supplementary small decomposition step appears between 200 °C 

and 370 °C. This first small step can be attributed to volatilization of adsorbed moisture and to 

the beginning of the thermal decomposition of the K and L that have both relatively low T5% 

values : ≈ 84 °C for K and ≈ 202 °C for L (Figure ESI7).41–43 This thermal behavior of the two 

products is reflected in the thermal stability of the generated composites. The temperature’s 

a)

b)

SN2

SN1

Secondary
alcohol

Primary
alcohol

Scheme 2. Mechanisms of RDGE epoxy ring opening by nucleophilic attack; Nu represents the 

nucleophilic groups from keratin and lignin 
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value of 5% mass loss (T5%) is considered as the material degradation temperature. The RDGE 

resin loses 5% of its mass at 350 °C, while the composite R_K_I loses it at 255 °C and that 

with lignin is at 315 °C. 

The second thermal degradation step consists of a sharp decrease in weight and occurs 

at temperatures between 370 °C and 480 °C. The related process is the thermolysis of the 

polymeric chain structure. The thermal reaction’s intermediary and products residues formed 

during this degradation process undergo further thermo-oxidative degradations in the last step, 

which leads to complete decomposition of the materials. All the thermal degradation steps 

correspond to endothermic peaks in DTA plots that are usually associated with the 

volatilization of degradation products.44 For the R_L_I sample, the presence of a considerable 

endothermic peak in the DTA plot centered at 510 °C suggests the complete decomposition of 

the system. The mass loss in this step (480‒520 °C temperature range) is ≈ 43 wt.%. The 

epoxy/keratin system presents in this step a better thermal stability than epoxy/lignin material: 

the complete conversion into carbon of the R_K_I composite (34 wt.% mass loss) occurs at 

480‒620 °C. 

Figure 7 shows the TGA-DTA results of the systems submitted to heating under an inert 

atmosphere (N2). According to the DTA curves, the maximum of the first endothermic peak is 

at approximately 330 °C for both systems, but in this step, R_L_I material loses 13 wt.% of 

mass while R_K_I loses ≈ 25 wt.%. The second and main degradation step occurs for all 

systems at ≈ 500 °C, with a drastic decomposition of 54‒57% of their weight. After this point, 

the systems are thermally stable as the temperature rises, with the remaining residue being 

around 21% for R_I and R_K_I and 30 wt.% for the R_L_I material. In order to better express 

the thermal stability of the materials, the statistic heat-resistant index (Ts) value was calculated. 

Figure 6. TGA-DTA curves for R_I (black line), R_L_I (blue line), and R_K_I (red line) during 

heating at 10 °C min-1 under air flow 
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This value was determined from the TGA data and is the temperature at which materials lose 

5% (T5%) and 30% (T30%) of their weight. The heat-resistance index represents the temperature 

of the polymer in the physical heat tolerance limit and was calculated from Eq. (2).11,45–47  

�� = 0.49���% + 0.6(��	% − ��%
�         (2) 

 

Table 2. Physico-chemical and mechanical properties of the cured biobased materials 

 

The Ts values of the thermoset materials were calculated for the oxidative and inert 

atmospheres and are summarized in Table 2. The T5% and Ts values of the RDGE_K_I 

composite in air/N2 were around 8% lower than those of the RDGE_L_I material. We can also 

notice that both K and L produce a decreasing Ts values compared to the neat resin (Ts = 192 

°C). The thermal stabilities of the systems obtained in this work are comparable to those of 

commercial epoxy materials (DGEBA = 145 °C) or reported in literature (135‒198 °C).48–51  

6.2.2.2. Glass transition determined by DSC 

The glass transition of the prepared materials was analyzed by DSC applying a cycle 

of two heating and cooling steps in the temperature range of 25‒220 °C at 10 °C min-1. The 

glass transition regions (Tg-DSC) for the RDGE resin material and its composite systems with K 

or L were measured in the second cooling step and are presented in Figure 8. 

The Tg-DSC for R_I resin is ≈ 93 °C, and a similar region was obtained for the composite 

with K: Tg-DSC = 92 °C. The presence of the aromatic 3D framework on the lignin structure has 

Sample 
ρ 

(g/cm3) 
B 

(%·Pa/1010) 

Hardness 
test 

Shore D 

Tg-DSC 

(°C) 

Young’s 
modulus  

(MPa) 

Tensile 
strength 

(MPa) 

Elongation 
at break 

(%) 

T5% 
(°C) 

Ts 
(°C) 

Air N2 Air N2 

R_I 1.1206 - 89  93 - - - 350 350 192 192 

R_K_I 1.1433 0.39 92 92 640.98 ± 151.96 4.1 ± 1.4 9.22 ± 2.26 255 245 170 165 

R_L_I 1.1787 1.08 92 85 968.87 ± 161.1 14.98 ± 3.31 3.08 ± 1.07 315 300 185 181 

Figure 7. TGA analyses of cured materials under heating at 10°C min-1 in inert atmosphere 
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a stronger impact on the α relaxation of the resin, acting as a plasticizer and lowering by ≈ 8 

°C the glass transition, Tg-DSC = 85 °C. These identical or close transition region of three α 

relaxations reveal the very good chemical and structural compatibility between the RDGE and 

the K or L. This structural compatibility is also proven by the values of the cross-linking density 

of the neat and combined RDGE matrix with keratin or lignin. As the cross-linking density of 

R_I thermoset is around 0.68 mmol cm-3, this value increases in the formulation with lignin to 

1.56 mmol cm-3 and, even more, to around 1.95 mmol cm-3 for the R_K_I material. Therefore, 

more compacted networks are generated by the interaction of RDGE with the keratin compared 

with the lignin, perhaps due to the higher reactivity of the RDGE with keratin then that with 

the lignin, as already shown in Figure 3 and 4. If we confront the values of the cross-linking 

density with the results of systems reactivity, we can observe the same trend, i.e., the higher 

the reactivity of the formulations, the higher is the cross-linking density of materials: R_K_I > 

R_L_I > R_I . 

6.2.2.3. Tensile testing 

To analyze the potential application field of the obtained materials, the investigation on 

tensile properties was performed. Young’s modulus, tensile strength, and elongation at break 

of the cured materials were determined by the tensile test technique, with the results being 

included in Table 2. The obtained values reveal that the two composites are defined by a 

mechanical behavior. The stiffness of the epoxy/keratin material is around 650 MPa, ≈ 0.67 

times lower than the value obtained for the R_L_I material (≈ 970 MPa). Also, the tensile 

strength of R_K_I resin is lower, while its elongation at break is 3 times higher than the value 

obtained for the R_L_I material. Even if the cross-linking density of R_K_I resin is higher than 

that of the R_L_I material, the higher tensile properties of the last one could be attributed to 

the contribution of aromatic moieties from the lignin 3D structure. 

Figure 8. Glass transitions of cross-linked materials obtained at the second cooling (10 °C min-1) by 

DSC 
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Another significant mechanical parameter considered in the design, research, and 

development of materials is their brittleness. The quantitative brittleness (B) of the cured 

materials was analyzed according to studies developed by W. Brostow et al.52–54 and was 

calculated using the following equation: 

� = 1 � !"⁄                       (3) 

where εb is the value of elongation at break and E’ is the storage modulus obtained by DMA 

(Figure ESI8). The elongation at break values were determined by tensile tests, while the 

storage modulus data were collected from DMA analyses using the three-point bending clamp 

at a frequency of 1.0 Hz. The values used in the calculation of the brittleness were obtained at 

25 °C. From the data summarized in Table 2, it can be observed that the elongation at break of 

R_K_I composite (≈ 9.22%) is higher than that of R_L_I (≈ 3.08%). According to the 

literature,52–54 the materials with high εb are fragile, so the lower the brittleness, the higher the 

dimensional stability of the materials. In compliance with the calculated values, the brittleness 

of the R_L_I material is around 1.08 %·Pa/1010, comparable with the brittleness of commercial 

polymers like styrene/acrylonitrile copolymer (1.316 %·Pa/1010) or poly(methylmethacrylate) 

(0.722 %·Pa/1010). In contrast, the brittleness of the composite with keratin is ≈ 0.39 %·Pa/1010, 

a value comparable with that of acrylonitrile/butadiene/styrene copolymer (0.443 %·Pa/1010). 

So, keratin increases the hardness and the elongation at break of the RDGE resin and produce 

a material less brittle than the epoxy/lignin composite. These results are in good correlation 

with the cross-linking density values, with the R_K_I having a higher density than the R_L_I.  

At the same time, we can highlight that the three materials have very close values of density, 

so these fillers also have the advantage to reinforce the resin matrix without increasing the 

materials density, as is the case in classical polymeric composites. With the help of the MatWeb 

online database (http://www.matweb.com/index.aspx), the properties of the developed 

materials were compared with the commercial ones, thus confirming their performance in the 

category of epoxy thermoset materials. 

6.3. Conclusions  

Industrial waste valorization in materials engineering is a challenging way to reduce 

environmental pollution. We prepared biobased, green composites by combining a biobased 

diepoxide and keratin or lignin as reinforcements. The two natural co-reactive fillers were 

successfully reacted and incorporated into the resin and produced fully sustainable materials. 

The processability of the prepared formulations was easy, and the curing process was fast and 

efficient. We demonstrated that these two by-products act simultaneously as reinforcements 
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and cross-linking agents thanks to the abundance of reactive functional groups. The good 

compatibility between the components lead to materials characterized by very similar α 

relaxations. The good thermomechanical performances, comparable with those of the 

commercial resins, could make them as sustainable materials. 

6.4. Experimental 

6.4.1. Materials 

Resorcinol diglycidyl ether (RDGE) was supplied by Sigma-Aldrich. The fractioned 

Kraft lignin used was supplied by VTT Technical Research Center of Finland. It appears as a 

brown powder with a weak odor, with pH values between 2.5 and 7 and sulfur content of 1‒

3%. In order to obtain keratin, the sanitized chicken feathers supplied by Grupo SADA 

(Madrid, Spain) were pretreated by steam explosion method applying hot steam (160 °C) and 

pressure (15.5 bar) for 2 minutes. The resulting feathers were ground in a universal cutting mill 

Fritsch Pulverisette 19, obtaining a wide size distribution. N,N-Dimethylbenzylamine (BDMA) 

and 2,4,6-Tris(dimethylaminomethyl)phenol (DMP-30) were purchased from Sigma-Aldrich 

and used as received. 

6.4.1.1. Sample preparation 

Composite materials were prepared by preheating RDGE at 50 °C in order to decrease 

its viscosity and promote the incorporation of the fillers. Liquid RDGE (65 wt.%) was then 

mixed and homogenized by vigorous mechanical mixing with keratin or lignin (30 wt.%) and 

with a mixture of N,N-Dimethylbenzylamine (BDMA) and 2,4,6-

Tris(dimethylaminomethyl)phenol (DMP-30) (2.5 + 2.5 wt.%) as the curing catalyst and 

accelerator, respectively. In this work, keratin (K) obtained from chicken feathers by the steam 

explosion process was used. The homogenized mixtures of RDGE_Keratin or RDGE_Lignin 

were poured in a rectangular metallic mold (150 × 150 × 4 mm3) and cured using a heated press 

for 30 minutes at 60 °C and for another hour at 80 °C applying 1 MT pressure. In order to 

obtain completely cured thermosets, the samples were post-cured at 130 °C for 30 min. For 

better identification, the name of the materials was abbreviated according to their composition. 

The keratin from chicken feathers was denoted with “K”, lignin was denoted with “L”, and the 

combination between BDMA and DMP-30 was denoted with “I”. So, the “R_K_I” 

abbreviation corresponds to the system with 65 wt.% RDGE, 30 wt.% K and 5 wt.% 

BDMA/DMP-30, while ”R_L_I” is the material with 65 wt.% RDGE, 30 wt.% L and 5 wt.% 

of BDMA/DMP-30.  
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6.4.2. Experimental techniques 

6.4.2.1. Differential Scanning Calorimetry (DSC)  

The reactivity study between RDGE and lignin/keratin was performed using a DSC 3 

Mettler Toledo apparatus. The instrument was calibrated in three points using standards such 

as water, indium and zinc and was operated by STARe Software developed by Mettler Toledo. 

Fresh samples of 4‒7 mg were placed in 40 µL aluminum crucibles and analyzed under 

dynamic conditions over a temperature range of 25‒230 °C. A heating rate of 10 °C min-1 was 

applied to the samples. The DSC technique was also used to determine the first-order 

transitions (residual exotherm) or the second-order phase transitions (α relaxations, Tg) of the 

obtained materials. Cured samples with masses between 6 and 9 mg placed into 40 µl crucibles 

were submitted to a cycle scan during heating and cooling from 25 °C to 220 °C at 10 °C min-

1 rate under 150 mL min-1 air flow. 

6.4.2.2. Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) 
spectroscopy 

IR spectra of all the starting materials were acquired at 30 °C accumulating 32 scans 

with 4 cm-1 resolution going from 4000 cm-1 to 600 cm-1. A temperature ramp going from 30 

°C to 200 °C with an increment of 10 °C min-1 was accomplished by recording a spectrum 

every 10 °C to highlight the structural evolutions occurring during the heating of the different 

systems. The same studies were done both with and without the catalysts and for the starting 

materials alone to assess their structural evolution with the temperature. The spectra of the 

blends were normalized with respect to the aromatic C=C peak of RDGE monomer.  

6.4.2.3. Thermogravimetric analysis (TGA) 

The TGA technique was used to determine the thermal stability of the materials. The 

mass loss and its derivatives as a function of temperature were analyzed in oxidative and inert 

atmospheres (150 mL min-1) using a TGA 2 Mettler-Toledo apparatus. Samples of 8‒10 mg 

placed into 70 µL alumina pans were tested over a temperature range of 25 °C to 1000 °C at a 

heating rate of 10 °C min-1. Each formulation was analyzed three times for average calculation.  

6.4.2.4. Tensile testing 

The effort response of the materials when a traction force was applied was analyzed by 

a universal testing machine Instron, Norwood, MA, USA model 3365, controlled by BlueHill 

Lite software (Instron, Norwood, MA, USA). The crosshead speed applied to the rectangular 

samples with dimensions of 75 × 10 × 4 mm3 (length × width × thickness) was 10 mm min-1. 

The tensile properties such as Young’s modulus, tensile strength, and elongation at break for 

the final biobased thermosets were determined. In order to avoid errors, 10 samples for each 

formulation were tested. 
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6.4.2.5. Shore hardness test 

The hardness of the developed materials was determined using a Zwick Roell 3116 

Hardness Tester in accordance with standards as ISO 868, ISO 7619-1 and ASTM D2240. The 

measurements were performed using the Shore D Hardness scale, which is intended for 

measuring the hardness of hard rubbers, semirigid plastics, and hard plastics. The hardness 

values were determined by measuring the depth of penetration of a specific indenter. 

6.4.2.6. Density of materials 

According to the ISO 9427 standard, the densities of the cured materials were 

experimentally determined. In the first stage, the volume of the samples was calculated, and 

then their mass was determined using an ML3002T Mettler-Toledo precision balance. Material 

density values were obtained by calculating the ratio between mass and volume. For a high 

data accuracy, the final density values were obtained by analyzing five rectangular samples (50 

× 8 × 4 mm3) for each formulation. 

6.4.2.7. Dynamic mechanical analysis (DMA) 

DMA measurements were performed using a Mettler-Toledo DMA 1 equipped with a 

three-point bending assembly at an oscillatory frequency of 1.0 Hz and an amplitude of 20 μm. 

The analyzed samples had rectangular dimensions of 48 × 8 × 4 mm3 (length × width × 

thickness). Each resin formulation was analyzed three times, and the values were averaged. 

The DMA was performed in the temperature-scanning mode with a constant displacement 

amplitude and frequency. The temperature ramp covered a range from -150 to 180 °C at a 

heating rate of 3 °C min−1 under a nitrogen atmosphere. 

Cross-linking density was calculated by the Equation (4): 

$ =  
%&

�'�
           (4) 

where E’ is the storage modulus of the thermoset in the rubbery plateau region at Tg + 80 °C, 

R is the gas constant, and T is the absolute temperature in Kelvin.  
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Electronic Supplementary Information (ESI) 

 

RDGE spectrum (Figure ESI2a). The aromatic and the glycidyl methylene CH 

stretching give rise to the peaks just above and below 3000 cm-1, respectively. The strong 

absorption at 1594 cm-1 is due to the aromatic carbon-carbon double bonds. The peak at 901 

cm-1 corresponds to the asymmetric stretching of the epoxy ring.  There is no clear evidence 

of RDGE homo-polymerization product in the starting material because in the FTIR spectrum 

a hydroxyl band around 3500 cm-1 cannot be distinguished. 

K spectrum (Figure ESI2b). The chicken feathers (CF) spectrum shows the 

characteristic features of proteins. The NH stretching vibration gives rise to two bands at 3270 

and 3076 cm-1 (amide A and B bands), the amide I band that arises mainly from the carbonyl 

stretching vibration with contributions from the out-of-phase CN stretching vibration can be 

found at 1632 cm-1 a value compatible with a β-sheet secondary structure, the amide II is the 

out-of-phase combination of the NH in plane bending and the CN stretching vibration and is 

located at 1525 cm -1 and the band at 1235 cm-1 is the amide III band that corresponds to the 

in-phase combination of the NH bending and the CN stretching vibration. The amide A band 

Figure ESI 1. DSC thermograms during heating of RDGE, K and L at 10°C min-1 

4000 3500 3000 2500 2000 1500 1000

0.0

0.5

1.0

A
b
s
o
rb

a
n
c
e
 (

a
.u

.)

Wavenumber (cm-1)

3
0

8
0

3
0

1
0

2
9

3
0

2
8

8
0

1
5
9

4

9
0

1

4000 3500 3000 2500 2000 1500 1000
0.0

0.1

0.2

0.3

0.4

A
b
s
o
rb

a
n
c
e
 (

a
.u

.)

Wavenumber (cm-1)

32
7

0

3
0

76
2

9
5

7
2

9
1

9
2

8
6

5

1
6

3
2

1
5

25

1
2

35

4000 3500 3000 2500 2000 1500 1000
0.00

0.05

0.10

0.15

0.20

A
b
s
o
rb

a
n
c
e
 (

a
.u

.)

Wavenumber (cm
-1
)

3
3
6
0

2
9
3
4

2
8
3
9

1
7
3
7

1
5
9
3

1
5
11

1
4

6
2

1
4
5
1

1
3

6
7

1
2
6
4

11
4
3

1
0

7
7

8
5
3

1
0
2
8

8
1
3

a) b) c)

Figure ESI 2. FTIR spectra of a) RDGE, b) K and c) lignin at 30°C 
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presents a shoulder around 3500 cm-1 that is due to OH stretching of serine residues of which 

CF keratin is reported to be particularly rich.  

Lignin spectrum (Figure ESI2c). A large band between 3600 and 3000 cm-1 is related 

to hydroxyl stretching. The bands at 2934 and 2840 cm-1 are related to sp3 CH coming 

predominantly from the aromatic methoxyl groups and also from methyl and methylene side 

chains. The band that extends between 1800 and 1600 cm-1 is related to carbonyls/carboxyls. 

The peaks at 1593 and 1511 cm-1 arise from the vibrations of the aromatic skeleton. CH 

bending is responsible for the peaks at 1462 and 1451 cm-1. The region below 1400 cm-1 is 

complex to analyse because the contribution of various vibrations overlaps. The band at 1367 

cm-1 is assigned to CO bond vibration in phenolic OH and aliphatic CH in methyl groups 

bending, the peak at 1209 cm-1 is related to aryl alkyl ether CO stretching, while the peaks at 

1077 and 1028 cm-1 reflect CO deformation in alcohols. In this region, there are some 

characteristic bands specific to different monolignol units. For example, for the guaiacyl unit 

is possible to observe the ring breathing at 1263 cm-1,  the aromatic C-H in-plane deformation 

at 1143 cm-1, the aliphatic ether aromatic CH in-plane deformation at 1028 cm-1 and the 

aromatic CH out-of-plane deformation at 853 and 813 cm-1. The typical bands of syringyl at 

1326 and 843 cm-1 could not be clearly found.  
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Figure ESI 3. FTIR spectra during curing of a) R_I; b) R_K_I and c) R_L_I. For the temperature-

colour correspondence in the spectra see the legend in panel a) 
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Figure ESI 5. Temperature evolution of FTIR spectrum of a) K and b) lignin. For the temperature-

color correspondence see the legend in Figure ESI3a 
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Figure ESI 6. TGA-DTA curves for uncured mixture between RDGE and K chicken feathers without 

initiator, at 10°C min-1 under air flow 

Figure ESI 4. RDGE epoxy signal in FTIR spectra at increasing temperatures (solid lines) and after cooling 

down at 30 °C (dashed lines) for a) RDGE; b) R_K and c) R_L. For the colour-temperature correspondence see 

the legend in panel a) 
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Figure ESI 8. Comparison of the storage and loss modulus according to temperature between the 

R_L_I (blue line) and R_K_I (red line) composites 

 

The viscoelastic behavior curves of the developed materials revealed the presence of 

three different region as glassy region, rubbery plateau and the transition between the two 

phases. From Figure ESI 8 it can be observed that the shape of storage modulus curve in glassy 

region is almost identic for both materials, the E’ values of the cured systems at room 

temperature being ≈ 3 GPa. After 100 °C, the storage modulus curves of the two materials start 

to don’t have any more the same behavior. It can observe that the E’ value in rubbery region 

of the R_K_I (120 MPa) is double compared with that of the composite with lignin. Also, the 

drop interval value between the glassy and rubbery region for the material with keratin is 

smaller than in the system with lignin, which means a higher crosslink density for the R_L_I.  

Figure ESI 7. TGA-DTA curves for raw lignin (blue line) and raw keratin (red line) at 10°C min-1 

under air flow 
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a) b) c) 

Figure ESI 9. Physical appearance of the bio-based materials: a) R_I; b) R_K_I and c) R_L_I  
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Conclusions and Perspectives 

 

The main purpose of this thesis research aims investigating and designing new 

sustainable valorisation of humins, chicken feathers and lignin or some vegetal fibers, to 

innovate green products for industrial areas. A first challenge of this work was represented by 

the use of industrial humins, which have a complex and unknown chemical structure, as raw 

material in the development of materials with good performances. Also, the brittleness nature 

of furanic materials is a major factor limiting their used in the development of materials with 

optimal properties for industries areas such as construction or automotive. In the second 

chapter of this thesis, the industrial humins were combined with different aliphatic diglycidyl 

ethers in order to develop new bio-based resins with modulated properties. Firstly, the effect 

of formulations compositions on the systems’ reactivity but also the optimal parameters of 

curing were intensely investigated. By varying the composition of the copolymerisation 

mixtures, three types of resins with different mechanical properties and a high humins content 

have been successfully developed. Investigating the physico-chemical and mechanical 

properties of the crosslinked humins-based materials was found that the length of the aliphatic 

chains of the diglycidyl ether comonomers influenced these properties obtaining resins with 

rigid or elastic behaviour. The tensile testing of the humins-based materials confirmed the rigid 

character of a resin, obtaining an elongation at break of about 7%, while the elastic ones 

showed an elongation of about 60% and a tensile strength value comparable to that of butyl 

rubbers or of silicone elastomers. The use of humins in large quantities, the development of 

materials through cost competitive processes, but especially the tailoring of furanic materials 

with elastomeric behaviour (not mentioned in the specialized literature), make these resins 

feasible products for the industrial sector. 

The desire to develop environmentally friendly materials but also to valorise and use 

other resources from industrial wastes, has led our research to a new stage. The three humins-

based resins developed previously were used as polymeric matrices for the development of 

bio-composites. As reinforcing materials were used two types of chicken feathers, such as 

powder and non-woven mat which are food industry waste, and also lignin from biorefinery. 

The composites properties were investigated for an in-deep understanding of the effect and 

behaviour of the filler on the matrix depending on its nature, but also on its form. All the bio-

fillers, i.e. the chicken feathers powder & non-woven mat and lignin, have led to a significant 

improvement of the humins-based composites properties. Moreover, based on SEM analyses 

we proved a very good interaction between the bio-fillers and humins-based resins without 

prior application of any chemical or physical treatment on the composites’ components. 
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Other thesis studies propose the humins combination with a bio-based triepoxide co-

monomer in order to design fully bio-based thermoset resins. Following the calculation of the 

bio-based carbon content (BCC) of the obtained thermosets it was determined that the BCC is 

about 94%. Furthermore, by studying the stability of the material, we found that are extremely 

stable losing about 5% of their mass at 280 °C. Also, by analysing the mechanical properties 

high values of the storage modulus were measured, of ≈ 4 GPa at room temperature, as well 

as high values of the glass transition region of the materials (≈ 120‒150 °C). The high stiffness 

of the synthesized resins was confirmed by Shore hardness test (82‒85 SD), proving that these 

materials could be candidates for the automotive and construction industry. Moreover, 

according with the solvent test, the humins-based resins revealed a good chemical resistance 

over time, being unaffected in all solvents tested after 12 days of immersion, thus confirming 

their ability to be used in the industrial production of out-door hard materials. 

In order to fulfil the concept of circular economy, three different strategies such as 

reuse, recycling and remodelling were considered. For this purpose, humins-based resins were 

used as matrices in composite’s development in which as reinforcement were used recycled 

natural fibers such as chicken feathers and vegetable fibers non-woven. The physico-chemical 

and mechanical properties of these bio-composites were investigated showing comparable 

performances with the commercial materials such as epoxy/glass fibers and epoxy/carbon 

fibers composites. Also, the interaction between compounds was investigated revealing a good 

interaction matrix/filler without any prior physical or chemical treatment of the fillers or 

matrix. Moreover, these materials showed that can be mechanically recycled without 

producing substantial decreasing in their properties. 

The last attempt to valorise the industrial wastes studied in this thesis was the 

development of thermosetting materials by copolymerization of an aromatic epoxy compound 

from wood biomass, the resorcinol diglycidyl ether,  with two natural side-products such as 

keratin (from chicken feathers) and lignin. The thermoset materials were developed using 

about 30% by weight of the natural by-product and by using compression molding method, 

the crosslinking of the materials taking place at low temperatures. Following the DSC and 

FTIR analyses during crosslinking of the materials, we observed the presence of the chemical 

interactions between the keratin and lignin with the epoxide network. Also, the physical and 

mechanical tests showed that the addition of the natural side-products improved the properties 

of the final materials. Therefore, considering these factors, we can confirm successfully 

development of new green bio-based materials in which the natural by-product play double 

role such as comonomer in the reaction, and as filler in the composites structure.  

In conclusion, this thesis work proposes some valorisation ways for the chicken feather 

and humins, but also for other by-products. Some of the materials designed in this thesis were 
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also passed from the laboratory scale to the pilot level, thus confirming the truthfulness of the 

new routes for the valorisation of these by-products at the industrial level. 

 

 

Based on the studies developed in this thesis, we demonstrated that both the humins 

and chicken feathers have a real potential in the development of industrial materials. This work 

represents a first step towards a tangible valorisation pathway of these by-products. The 

parameters and processing protocols of the bio-based materials will be analysed and improved 

at pilot scale to be feasible for an upscaling at industrial level. In future studies, the effect of 

treated vegetable fibers on the physico-chemical and mechanical properties of the humins-

based composites will be investigated. Also, properties such as fire resistance, resistance at 

impact, at compression or at different environmental factors could be investigated in order to 

develop feasible composite materials for fabrication of automotive component parts. Another 

perspective for humins and chicken feathers valorisation is the development of porous 

materials. Intense studies are underway, in which porous materials based on humins and 

chicken feathers powder have been designed. So far, we observed that depending on the 

formulations’ composition the properties of the foams can be modulated from elastic to rigid, 

and the chicken feathers powder and the processing parameters are responsible for the pore 

size and distribution in the designed foams. Elaborated studies on the physico-chemical and 

mechanical properties will be carried out in future studies. Likewise, the substances absorption 

and retention capacity of the porous materials will be analysed for their potential valorisation 

as wastewater treatment and supports for solid catalysts. On the other hand, the soundproofing 

and thermal insulation foams abilities, as well as the flame retardant properties and their 

behaviour to different environmental factors, will be investigated in order to use these bio-

materials in the development of insulating materials for construction sector. 
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