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Abstract 

Lignin is the most abundant aromatic polymer of natural origin on earth. 
Currently, it is treated as a waste product of the paper production industry and is 
burnt as fuel to generate energy.  
Due to its renewable nature, it represents instead an optimum candidate to 
substitute non-renewable fossil-based feedstock for the production of plastic 
products. The present Thesis project deals with the development and 
characterization of a composite material, made of a lignin-based polymer matrix 
reinforced with glass fibers. The polymer blend used as matrix, composed of 50% 
by weight of lignin and 50% of DGEBA, once cured, was found to have a high gel 
content, corresponding to more than 97%. Moreover, it possesses a significant 
thermal stability: it starts to degrade at around 250 °C, it loses less than 5% of its 
weight up to 300 °C (of which 2% is water) and has its maximum degradation rate 
at 411 °C. Composites made of lignin-DGEBA matrix, reinforced with different 
contents of short glass fibers, from 10% to 60% of the matrix weight, were 
prepared. The developed composites showed a considerably decreasing porosity 
with increasing fiber content, up to the 50% glass fiber composite. In addition, 
from scanning electron microscopy images, a strong adhesion force between 
matrix and glass fibers was revealed.  
Furthermore, tensile tests showed that the produced composites have a good 
stiffness. In fact, the Young’s modulus varies from slightly more than 4 GPa of 
the 30% glass fiber composite to almost 5 GPa of the 50% composite, decreasing 
then in the 60% one. 
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1. Introduction

Currently, the great majority of plastic products derives from petroleum-based 
chemicals, leading to a strong dependency of many commonly used goods on 
non-renewable energy sources [1]. With the growth of world population, the 
demand for such commodities and, consequently, for petroleum is steadily 
increasing, whereas fossil sources are limited and inevitably intended to end.  
This consideration, together with the urgent issues of greenhouse gasses and 
environmental pollution fostered by fossil-based polymers, have led to the 
research of new bio-based renewable sources [2]. 
The most valid alternatives to fossil sources are represented by lignocellulosic 
biomasses, which are the most abundant natural sources of carbon on earth.  
Biomasses are defined as organic matters available on a renewable basis [3].  
They are composed of three main polymers: cellulose, hemicellulose and lignin, 
as shown in Figure 1. 
Cellulose is the major constituent of plants and accounts for 30 to 50% of the 
wood mass, depending on the species. It is a polysaccharide composed of 
glucose units with a high stiffness and a high degree of crystallinity [4].  
Hemicellulose consists of a group of low molecular weight polysaccharides which 
form an amorphous, hydrosoluble polymer with a low rigidity.  
Finally, lignin is the main component of the vascular plants cell walls. It constitutes 
18-25% of the biomass in the hardwood species and 25-35% in the softwood
ones [4]. Its structure is strongly interconnected to the polysaccharide units of
cellulose and hemicellulose.
Lignin is an amorphous, aromatic-based, heterogeneous polymer which provides
the plant with structural rigidity and environmental stress resistance. It has the
main role of transporting water inside the plants.
It is the second most abundant natural polymer and accounts for 30% of organic
carbon on earth [5].
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Thanks to its high carbon content, its good stiffness, its high thermal stability and 
biodegradability, lignin represents the most advantageous renewable feedstock 
for plastic materials production [2]. 
Despite this huge potential, less than 2% of the millions of tons of lignin obtained 
from the extraction of cellulose in the paper industry is used as raw material for 
bio-based products; the remainder is disposed as waste or is burnt as fuel for 
energy production [6]. Being therefore considered a waste product, lignin is a very 
low cost feedstock.  
In light of its numerous favorable properties and many potential advantages, a 
growing interest in giving value to lignin and exploiting more efficiently its use has 
been developing.  

Figure 1. Schematic representation of plants cell walls structure, showing the three main 
constituent: cellulose, hemicellulose and lignin. 
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1.1 Aim of the project 

The objective of this Thesis work was to explore the possibility of employing lignin 
as a macromonomer for the production of polymer based thermosets to be used 
as matrix for fiber reinforced composites. More specifically, the present project 
aimed to design a composite made of a lignin-based polymer matrix and a glass 
fiber reinforcement. 
As already mentioned, lignin is currently treated as a waste product and is burnt 
to produce energy. For this reason, using lignin instead of a fossil-based polymer 
to produce a composite would not only decrease the use of oil, but also would 
give value to a waste product and remove the CO2 emissions generated by its 
combustion.  
Hence, due to the large availability of discarded lignin, the final aim of the project 
is to develop a composite material that can be industrially produced on a large 
scale. 
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2. Background

2.1 Lignin 

Lignin is an amorphous heterogeneous polymer and is the main constituent of 
the cell walls of vascular plants. It has the fundamental function of granting 
structural rigidity to the cell walls. Thanks to the hydrophobicity of its nature, lignin 
provides protection against degradation caused by biological and chemical 
attacks [7]. Moreover, it is responsible for the regulation of water transport in 
plants. When it is isolated from the biomass, lignin commonly appears as a dry 
brownish powder, as shown in Figure 2. 

2.1.1 Structure 

Lignin has a large and complex structure, obtained from the polymerization of 
three aromatic alcohol monomers, also said monolignols: p-coumaryl alcohol, 
coniferyl alcohol, and sinapyl alcohol [2] (Figure 3 upper line).  
The only difference between the three lignin precursors is the number of metoxyl 
groups (-OCH3) on the aromatic ring: coniferyl alcohol has one methoxyl, sinapyl 
alcohol has two methoxyl whereas p-coumaryl alcohol has no methoxyl group on 
its molecule. 

Figure 2. Lignin powder extracted from the biomass. 
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The described monolignols, through an in vivo enzyme-initiated polymerization, 
form the repeating units of the lignin polymer: p-hydroxyphenyl (H), guaiacyl (G) 
and syringyl (S), obtained respectively from coumaryl alcohol, coniferyl alcohol 
and sinapyl alcohol [8] (Figure 3 bottom line).  

The relative amounts of lignin monomers vary depending on the plant species. 
Hardwood lignins (originating from deciduous trees) contain both sinapyl and 
coniferyl alcohols with various proportions, while softwood lignins (originating 
from coniferous trees) are mainly composed of coniferyl alcohol; grasses, 
instead, include all three monolignols [8]. Depending on the ratio between the 
monomers, linkages formed during polymerization vary consequently and 
determine the structure of lignin. 
The heterogeneity of monomers proportions and chemical linkages of different 
lignins makes the determination of the chemical structure of each lignin very 
complicated.  

Figure 3. Lignin precursors and respective repeating units of the polymerised structure. 
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The majority of chemical bonds of the polymeric structure is constituted by ether 
bonds(C-O-C) between phenylpropanic units, mainly β-O-4, while the rest 
consists of carbon-carbon linkages [9], as shown in Figure 4. 
The chemical structure of lignin contains various functional groups, amongst 
which the most important are carboxyl, methoxy, aliphatic and phenolic hydroxyl, 
and carbonyl groups. 
The diversity of lignin structures depends not only on the plant species but also 
on the type of extraction process from the lignocellulosic biomass.  
The different structures provide lignin with many favorable properties, such as 
good stiffness, biodegradability, a high carbon content, a high functionality and a 
high thermal stability.  

Figure 4. Lignin polymeric structure: the different types of linkages are circled in blue, while the 
base monomers are highlighted in different colours.  
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2.1.2 Extraction Processes  
 
Lignin, cellulose and hemicellulose are extracted from plants cell walls by means 
of a chemical and physical separation process called pulping process, shown in 
Figure 5. The isolation process consists in the chemical degradation of lignin 
through the breaking of the linkages between phenylpropanic units in order to 
obtain soluble molecules in the pulping media. Lignin is then extracted from the 
pulping mixture and the resulting product is called technical lignin. 
 

 
Four different industrial processes are used to extract lignin from lignocellulosic 
biomasses (resumed in Figure 6). Kraft and Sulfite processes are the most 
common ones and are used isolate lignins containing Sulphur, while the less 
common Soda and Organosolv processes extract purer sulphur-free lignins [10].  
Besides the content of Sulphur, the structure, degree of purity and molecular 
weight of isolated lignins vary depending on the type of process. 
  

Figure 5. Chemical Pulping Process of biomasses, from which lignin is isolated.  



8 

2.1.2.1 Sulfite Process 

In the Sulfite process, the wood biomass is added to a heated aqueous solution 
of either sulphites or bisulphites and countercations such as magnesium, 
calcium, potassium, sodium or ammonium in order to obtain the sulfonation of 
lignin [11]. The resulting product, called lignosulfonate, is water soluble and is 
dissolved in the aqueous pulping mixture. Finally, lignin is separated from the 
pulping liquor by means of different methods, such as ultrafiltration, precipitation 
or chemical destruction of sugars. 

2.1.2.2 Kraft Process 

The most widely used process, the Kraft process, consists in cooking the wood 
feedstock in a solution of water, sodium sulphide and sodium hydroxide, known 
as white liquor, at around 170 °C.  
Under these conditions, lignin is depolymerized through the breaking of ether 
bonds by the action of sulphide and hydroxide ions. The resulting fragments are 
soluble in the pulping media and dissolve in the solution, forming the so-called 
black liquor. Lignin is then isolated through acidification of the obtained black 
liquor and subsequent precipitation. 

Figure 6. The four industrial pulping processes that extract technical lignins. 
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2.1.2.3 Soda Process 

The Kraft process derives from the Soda process, which was the first chemical 
pulping process developed. Currently, the Soda process is still the most common 
method to treat non-wood biomasses, such as wheat straw and sugar cane [12].  
During this process, the fibrous material is heated in an aqueous solution with 
sodium hydroxide in order to depolymerize lignin through the breaking of ether 
bonds.  Hence, the obtained lignin fragments dissolve in the pulping liquid and, 
finally, they are extracted via precipitation after the solution has been acidified. 

2.1.2.4 Organosolv Process 

The Organosolv process, on the other hand, is the most recently developed 
process among those presented. It consists in adding the lignocellulosic biomass 
to a heated solution of water and an organic solvent such as ethanol, methanol, 
acetone, ethylene glycol, acetic acid and formic acid [13]. In these conditions, lignin 
is degraded in smaller fragments that dissolve in the solution.  
The obtained mixture is then diluted with water (possibly acidified) leading to the 
precipitation of lignin, which is recovered by filtration or centrifugation. 

2.2 Composite Materials 

A composite is a material made of two or more different materials, that combine 
together to gain properties superior to those of the single constituents.  
They are different from solid solutions because, contrary to the latter, their 
individual components remain separate and can be distinguished in the final 
conformation. Normally, composite materials are constituted of two components: 
a matrix, which is a continuous phase that hosts a dispersed phase, and a 
reinforcement, which is a discontinuous phase dispersed in the matrix (showed 
in Figure 7). The matrix has the main role of enclosing the reinforcement and 
homogeneously distributing the loads along the entire material, while the 
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reinforcement is the major responsible for the structural proprieties of the 
material. There are several different types of composite materials, that can be 
mainly divided depending on: 

− The material of the matrix, such as polymer matrix composites, metal 
matrix composites and inorganic non-metallic matrix composites [14]. 

− The type of reinforcement, which are fiber-reinforced composites, particle 
reinforced composites and sheet reinforced composites. 

 
 
 

 

2.2.1 Polymer Matrix Composites 
 
Currently, the most common category of composite materials is fiber-reinforced 
polymer matrix composites, known as polymer matrix composites or fiber-
reinforced plastics. They are composed of a polymer matrix reinforced with fibers. 
Generally, in this type of composites, the fibers have a much higher Young’s 
modulus and strength than the polymer matrix. Due to this fact, fibers constitute 
the main load-bearing component of the material, while the polymer matrix has 
the role of binding the fibers together and of uniformly distributing the loads to the 
fibers [14]. The most favorable properties of polymer matrix composites are their 
very high specific Young’s modulus and specific strength, i.e. the ratios of 
respectively Young’s modulus and strength to the density of the material.  

reinforcement 

Figure 7. Schematic representation of a composite material, constituted of a continuous 
phase, the matrix, and a dispersed phase, the reinforcement. 
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Amongst this category, composites can be further divided according to the type 
of reinforcement fibers, as follows [14]:  

• Carbon fiber reinforced composites 
• Glass fiber reinforced composites,  
• Organic fiber reinforced composites 
• Hybrid fiber reinforced composites.  

A last distinction can be made depending on the dimensions of the fibers 
dispersed in the polymer matrix. The filler can be: 

− Continuous fibers, which have a high length to diameter ratio (called 
aspect ratio) and are generally aligned along preferred directions [15]. 
Usually, they are arranged to form single sheets laminates of continuous 
fibers with the desired orientation, stacked on top of each other.  

− Short fibers, which have a low aspect ratio and are normally dispersed with 
a random orientation in the matrix. This random disposition of the fibers 
leads to the isotropy of the composite. Depending on the length to 
diameter ratio of the fibers, the material will exhibit either an in plane 
isotropy, if the aspect ratio is not too low, or a three-dimensional one, if the 
aspect ratio is sufficiently low and the fibers length is similar to their 
diameter. 
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3. Our Lignin-based Composite 
 
 
 
The present work focuses on a specific class of composite material, a short fiber-
reinforced polymer matrix composite. More particularly, the developed composite 
is constituted of a matrix made of a polymer blend of Lignin and DGEBA (an 
epoxy resin), and a short glass fibers reinforcement randomly dispersed in the 
matrix (as illustrated in Figure 8). 
The lignin used to form the composite matrix comes from a Kraft extraction 
process. Within this project, beside the Kraft lignin, also other lignins, extracted 
with a Soda and an Organosolv processes, have been analyzed to investigate 
their different properties. Despite having conducted preliminary studies on all the 
three lignins, the work further focused only on the Kraft one because of its 
commercial nature and largest availability. In fact, since Kraft pulping is the most 
common process and Kraft lignin is the most abundant waste product amongst 
the extraction processes, it represented the best candidate for this project whose 
purpose was to develop a composite for a potential large scale production. 
  

Short Glass Fibers 

Lignin-DGEBA 
Matrix 

Figure 8. Schematic representation of the developed composite material, made of a lignin-
DGEBA blend matrix reinforced with short glass fibers. 
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The second component of the matrix, bisphenol A diglycidyl ether (abbreviated 
to the acronym DGEBA), is an epoxy resin characterized by two aromatic rings 
and two epoxide rings on each molecule, as showed in Figure 9.  
Kraft lignin and DGEBA form together the polymer blend that constitutes the 
matrix of the composite material, whereas short glass fibers randomly oriented 
and dispersed in the matrix act as the reinforcement.  
 
 

 
 
 
  
  

Figure 9. Molecule of DGEBA (bisphenol A diglycidyl ether). 
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4. Experimental Section

4.1 Materials 

Kraft lignin used in this work, named Kraft Indulin AT, was extracted with a Kraft 
process from a softwood species and provided by MeadWestvaco. DGEBA 
(Bisphenol A diglycidyl ether), with an Epoxide equivalent weight of 172-176, was 
obtained from Sigma-Aldrich. Short Pristine Glass Fibers with an average length 
of 150 µm were provided by MeadWestvaco. DMSO (Dimethyl sulfoxide) solvent 
was obtained from Sigma-Aldrich. 

4.2 Lignin-DGEBA Blend Preparation 

Lignin-DGEBA polymer blends were prepared in order to use them as matrixes 
of the target composite. Different lignin-DGEBA proportions have been 
investigated to optimize the properties of the resulting blend and maximize the 
content of lignin. DGEBA has a glass transition temperature of - 15 °C and a 
melting temperature of 43 °C. Once melted, it appears as a transparent viscous 
liquid. Lignin, instead, is provided as a solid brown powder.  
Various blends with different lignin/DGEBA relative contents were prepared, but 
the work focused on those with the following lignin-DGEBA weight ratio, because 
they possessed a good compromise between the desired properties of high lignin 
content and a good processability:  

1. 30% lignin – 70% DGEBA (from here on referred to as 30-70 lignin-
DGEBA blend).

2. 40% lignin – 60% DGEBA (from here on referred to as 30-70 lignin-
DGEBA blend).
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3. 50% lignin – 50% DGEBA (from here on referred to as 30-70 lignin-
DGEBA blend).

The blends were prepared according to the following procedure: 

1) DGEBA was heated to 80 °C in a beaker and magnetically stirred for 30
minutes, in order to melt it completely and decrease its viscosity (Figure

10 a).
2) Lignin powder was gradually added to DGEBA and the mixture was kept

under stirring at 80 °C for 1,5 hours. If the solution became too viscous to
be mixed with the magnetic stirrer (as in the case of the 50-50 Blend),
mechanical manual stirring with a glass rod was performed (Figure 10 b).

a) b) 

Figure 10. Lignin-DGEBA blend preparation steps: a) Heating and stirring of 
DGEBA on a hot plate; b) Mixing with lignin powder.  
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4.3 Composite Preparation 
 
Composite materials with randomly oriented short glass fibers were prepared.  
The produced composites were formed by a matrix of 50% lignin-50% DGEBA 
blend and a short glass fibers reinforcement. They were assembled varying the 
fiber content: materials with fiber percentages of 10%, 20%, 30%, 40%, 50% and 
60% compared to the weight of the matrix were prepared.  
The assembling procedure consisted of the following steps: 

1) Preparation of the 50% lignin-50% DGEBA as described previously. 

2) Addition of short glass fibers to the heated blend at 80 °C.  

The composite mixture was then repeatedly stirred with a glass rod while kept at 
80 °C for 1,5 hours. 
 

4.4 Samples Curing  
 
When cured at high temperature, Lignin-DGEBA blend undergoes a crosslink of 
its polymer network and consequently increases its stiffness.  
Lignin works as a cross-linking agent: aliphatic and phenolic hydroxyl groups and 
carboxyl groups on its structure react with epoxy groups of DGEBA, causing the 
opening of the epoxy ring. As a consequence, a crosslink between Lignin and 
DGEBA molecules takes place through the formation of either an ether or ester 
linkage [2], as shown in Figure 11. 

Figure 11. Crosslinking reaction in lignin-DGEBA blend [16]. The reaction occurs between the 
epoxide ring of DGEBA and functional groups of lignin, respectively: I) a carboxyl group; II) a 
phenolic hydroxyl group; III) an aliphatic hydroxyl group.  

Crosslinking 
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The curing of both pristine blends and composites samples was performed 
following the steps below: 

1) The blend/composite was heated to 50 °C in order to decrease its
viscosity. It was then placed into a silicon mould and pressed to completely
fill the cavities, as shown in Figure 12.

2) The samples were degassed in vacuum oven at 50 °C overnight.
3) The samples were heated gradually from 50 °C to 200 °C during 2 hours,

and then kept at 200 °C for 2 additional hours.

4.4.1 Results and Discussion 

During the degassing of Lignin-DGEBA blend in vacuum oven at 50 °C, the 
samples revealed the formation of many bubbles on the surface. 
This gas release is supposed to be generated by: 

a) Water absorbed by lignin.
b) Air entrapped during the stirring of DGEBA or during the mixing of the

blend because of their high viscosity.

After the curing process, blend samples show an uneven surface and a high 
porosity, while composites have a smoother surface and a lower porosity, as 
shown in Figure 13. 

Figure 12. a) Silicon mould for samples curing; b) Mould filled with blend/composite ready for 
curing. 

a) b) 
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Amongst composite samples, the porosity and the defects on the surface were 
found to decrease with increasing glass fiber content. 

The porosity of the cured samples may be caused by: 

a) Air that was not expelled during the degassing step because of the high
viscosity of the blend.

b) A condensation reaction, which produces water that remains then trapped
in the material.

Condensation reactions can occur between carboxyl groups of lignin and 
hydroxyl groups of either lignin itself or belonging to the opened epoxy ring of 
DGEBA. Alternatively, water can be released in the last step of a specific 
crosslinking reaction between lignin and DGEBA. In this latter case, the opening 
of the epoxy ring of DGEBA is caused by the action of a water molecule and leads 
to a final condensation reaction that cross-links DGEBA and lignin, as shown in 
Figure 14.  

50-50
Blend

10%	GF	 20%	GF	 30%	GF	 40%	GF
50%	GF	

60%	GF	
Figure 13. Cured samples: 50-50 lignin-DGEBA blend on the extrem left and composites 
with increasing fiber content from the left to the right. 
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This type of condensation reaction should be largely diminished by the degassing 
step in vacuum oven that removes the majority of water present in the blend, 
hindering the epoxy ring opening by means of water. 

4.5 Characterization 

4.5.1 Quantitative  31P NMR analysis 

Quantitative 31P NMR measurements were conducted on lignin to evaluate the 
number of hydroxyl and carboxyl groups on its structure. This quantification was 
carried out to compare the number of reactive functional groups of lignin with the 
number of epoxide groups of DGEBA in order to study the cross-linking reaction. 

4.5.1.1 Results and Discussion 

The amounts of lignin functional groups obtained from the analysis are reported 
in Table 1, expressed in millimoles of group per gram of lignin. 
The content of DGEBA epoxide groups per gram of DGEBA, in the last column 
of the table, is calculated as the reciprocal of the epoxide equivalent number 
(1/174), indicated by the provider. 

Figure 14. Crosslinking condensation reaction between DGEBA and lignin: the epoxy ring of 
DGEBA opens in the presence of water (1) and react with the carboxyl group of lignin (2), 
leading to the crosslink with release of water (3).   

(1) 

(3) (2) 
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Table 1. Amounts of lignin functional groups per gram of lignin and of DGEBA epoxide groups 
per gram of DGEBA. 

Aliphatic 

OH 

Phenyl 

OH 
COOH 

Total 

Functional 

Groups 

DGEBA 

Epoxides 

Amount 

𝑚𝑚𝑜𝑙	𝑜𝑓	𝑔𝑟𝑜𝑢𝑝
𝑔	𝑜𝑓	𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒

3,62 6,37 0,43 10,42 5,75 

Comparing the data of lignin and DGEBA, it has been estimated that, to reach a 
stoichiometric ratio 1:1 between all the reactive groups of lignin and the epoxide 
groups of DGEBA, the blend should be composed of lignin for 36% of its weight 
and the remaining 64% of DGEBA.  
The obtained result indicates that, in the ideal condition in which all the functional 
groups of lignin react with the epoxides of DGEBA, the blend made of 36% lignin 
and 64% DGEBA would be fully cross-linked. For this reason, the study focused 
on the production of blends with a lignin-DGEBA rate around the previous values, 
which are the 30-70, 40-60, 50-50 lignin-DGEBA blends.  

4.5.2 FTIR Analyses 

To evaluate the completion of the cross-linking reaction, Fourier Transform 
Infrared Spectroscopy (FTIR) analyses were conducted on lignin-DGEBA blend 
cured samples. The measurements were performed on 70-30, 60-40, 50-50 
Lignin-DGEBA blends. The obtained spectra were compared with the spectrum 
of DGEBA in order to investigate the behavior of the epoxy peak at 915 cm-1, 
which indicates the presence of epoxy groups [17-18].  

4.5.2.1 Results and Discussion 

The collected spectra of blends and DGEBA are shown together in Figure 15 

below. From the image, it is visible that the epoxy peak of DGEBA (blue line) at  



21 

915 cm-1 gradually diminishes in the blends (red, green and purple lines), where 
it can be seen as a small peak shoulder.  This shoulder is reduced progressively 
from the 30-70 lignin-DGEBA to the 50-50 lignin-DGEBA blend, where it 
disappears. 
The previous result indicates that the 50-50 blend has fully reacted during the 
curing process and the material has cross-linked completely. 

4.5.3 Gel Content Tests 

Blends and composites cured samples were subjected to gel content tests to 
further investigate their cross-linking degree.  
Two different types of test were conducted: 

a) Gravimetric Gel content tests, which were performed on both blends and
composites by weighting the residues of the samples after solubilization in
a solvent.

b) UV-Visible spectroscopy tests, that were carried out on blends samples by
means of UV-Visible spectroscopy technology.

Figure 15. FTIR spectra of DGEBA (blue line) and 30-70 lignin-DGEBA (red line), 40-60 lignin-DGEBA 
(green line) and 50-50 lignin-DGEBA (purple line) blends.  

Epoxy peak 
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4.5.3.1 Gravimetric Gel Content Test 

The gravimetric tests were realized according to the following procedure: 

1) The samples were immersed in Dimethyl sulfoxide (DMSO) solvent with a
fixed ratio between weight of the samples and volume of DMSO, equal to
5,27 mg/mL. DMSO has been chosen because both lignin and DGEBA
are soluble in this solvent. The assembled solutions were heated to 50 °C
and kept under these conditions overnight.

2) The solutions were then filtered under vacuum to separate the undissolved
residues. The filter, together with the dry residue, was heated to 140 °C in
a ventilated oven for 4 hours and then placed in a vacuum oven at 50 °C
overnight in order to remove the residual DMSO.

3) Dried residual samples were weighted and the obtained results were
compared with the initial weights. The dry residues that haven’t dissolved
in DMSO are the cross-linked material. Therefore, gel contents were
calculated from the difference between the initial weight of the samples
and the weight of the residual material.

4.5.3.2 UV-Visible Spectroscopy Test 

The other technique used to calculate the gel content of blends was performed 
by means of Ultraviolet-Visible spectroscopy.  
The test is based on the Beer-Lambert law, which states that a linear correlation 
exists between the absorbance and the concentration of an absorbing species. 
Measuring the absorbance of a solution of a sample dissolved in DMSO solvent, 
it is possible to obtain the concentration of the sample in the solution. Knowing 
the volume of the solvent, the concentration of the sample, and consequently the 
amount of dissolved material, the gel content is then calculated from the latter. 
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The discussed method consisted of the following steps: 

1) A calibration curve correlating the absorbance of lignin dissolved in DMSO
with its concentration in the solution was obtained. This was done by
measuring the absorbance at a specific wavelength of several solutions of
lignin and DMSO with different known concentrations and linearly
interpolate the collected points.

2) The same procedure as the first part of the gravimetric test was followed.
Blends samples were immersed in solution with DMSO and kept in these
conditions overnight. The solution was then filtered under vacuum.

3) The Absorbance of filtered Blend/DMSO solutions were measured by UV-
Vis spectroscopy. Using the calibration curve, the concentrations of lignin
in the solutions were obtained from the respective absorbance values.

4) Gel contents of blends were hence calculated from the concentrations of
lignin in the filtered solution: the difference between the initial weight of the
sample and the dissolved material corresponds to the amount of not
dissolved sample, which is the cross-linked material.

4.5.3.3 Results and Discussion 

From the differences between final and initial weight of samples tested with the 
gravimetric analyses, gel contents of blends and composites have been 
calculated and reported in the first row of Table 2 (indicated as From Weight). 
The results obtained for both blends and composites indicate a high gel content, 
in all cases ≥ 93%, which demonstrates that the materials result fully crosslinked. 
From UV-Visible spectroscopy tests of blends, instead, the obtained calibration 
curve correlating lignin absorbance to its concentration in solution is shown in 
Figure 16. Gel content values of blends have been hence calculated from the 
calibration curve, and they are indicated in the second row of Table 2 (reported 
as by UV-Vis). The results of UV-Vis Spectroscopy tests on blends are in 
accordance with those calculated with gravimetric analyses, confirming their high 
gel contents values and consequently their high cross-linking degree.  
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Table 2. Results of gravimetric gel content test (indicated as from weight) and UV-Vis test 
(indicated as by UV-Vis) of lignin-DGEBA blends and glass fiber composites. 

Gel 

Content 

30-70

Lignin-

DGEBA

40-60

Lignin-

DGEBA

50-50

Lignin-

DGEBA

20% GF 

Composite 

30% GF 

Composite 

40% GF 

Composite 

50% GF 

Composite 

From 

Weight 
97% 95% 97% 93% 93% 97% 93% 

By 

UV-Vis 
100% 99% 97% - - - - 

y = 27.239x
R² = 0.9922

0

0,5
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2

2,5

0 0,01 0,02 0,03 0,04 0,05 0,06 0,07 0,08 0,09

Serie1

Lineare  (Serie1)

Figure 16. Calibration curve of lignin dissolved in DMSO, correlating lignin absorbance at a 
specific wavelength of 285 nm, measured with UV-Vis spectroscopy, with its concentration 
in DMSO solution.  

Absorbance 
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4.5.4 DSC Analyses 

Differential Scanning Calorimetric (DSC) analyses were conducted on Kraft 
Lignin and on 30-70, 40-60, 50-50 lignin-DGEBA blends in order to investigate 
their thermal transitions. Measurements on lignin were performed collecting the 
heat flow of the sample subjected to the following three runs, at a scan rate of 20 
°C/min under nitrogen flux: 

1. Heating from 25 °C to 200 °C.
2. Cooling from 200 °C to 25 °C.
3. Heating from 25 °C to 250 °C.

On the other hand, analyses on Lignin-DGEBA blends were carried out starting 
from a temperature of - 50 °C, with the runs below: 

1. Heating from - 50 °C to 250 °C
2. Cooling from 250 °C to - 50 °C
3. Heating from - 50 °C to 250 °C.

4.5.4.1 Results 

The results of the DSC analysis on Lignin are shown in Figure 17.  
The DSC curve of Lignin shows an endothermic peak at 109 °C in the first run 
(indicated in red color in figure) due to the evaporation of water absorbed by 
lignin. Moreover, in the third run, the glass transition temperature of Lignin is 
clearly visible at 155 °C, where the curvature changes its sign. 
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The data collected on the 30% lignin – 70 % DGEBA blend are showed below in 
Figure 18. In the first heating run, the DSC curve shows:  

− A shift of the heat flow at 15 °C, corresponding to the glass transition
temperature of DGEBA.

− An endothermic peak at 40 °C, corresponding to the melting temperature
of DGEBA.

− Two exothermic peaks, one at 159 °C and the other at 204 °C, which
correspond to the cross-linking reaction.

The first run shows that the overall cross-linking reaction takes place in a 
temperature range between 140 °C – 240 °C.  
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Figure 17. Kraft Lignin DSC curve composed of three thermal runs: 1) Heating from 25 °C to 
200 °C; 2) Cooling from 200 °C to 25 °C; 3) Heating from 25 °C to 250 °C. 
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In the third run, i.e. during the heating of the already cross-linked system, the 
DSC curve shows: 

− A unique Tg of the material at 55 °C, visible as a change in the curvature’s
sign.

− No residual exothermic peaks at high temperatures, indicating that the 
cross-linking reaction should have been completed during the first run. 
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Figure 18. DSC curve of 30-70 lignin-DGEBA blend composed of three thermal runs: 1) Heating 
from - 50 °C to 250 °C; 2) Cooling from 250 °C to - 50 °C; 3) Heating from - 50 °C to 250 °C. 
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The obtained DSC results of 40% lignin – 60% DGEBA blend are showed below 
in Figure 19. 

The DSC curve is characterized by: 

− The glass transition temperature of DGEBA at -17 °C, visible in the first 
run (indicated with red colors in figure). 

− The melting temperature of DGEBA at 43 °C in the first run (highlighted in 
black colors in figure).

− Two cross-linking peaks, one at 149 °C and the other at 190 °C, in the first 
run (described in blue colors in figure). The cross-linking reaction takes 
place in the temperature range between 140 °C and 240 °C. 
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Figure 19. DSC curve of 40-60 lignin-DGEBA blend composed of three thermal runs: 1) Heating
from - 50 °C to 250 °C; 2) Cooling from 250 °C to - 50 °C; 3) Heating from - 50 °C to 250 °C. 
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− A unique Tg of the cross-linked system at 77 °C in the third run (indicated
in black colors in figure).

− No residual exothermic peaks in the third run at high temperatures,
meaning that the cross-linking reaction should have fully occurred in the
first heating run.

The last DSC analysis, conducted on the 50% lignin – 50% DGEBA blend, is 
showed in the following Figure 20. 
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Figure 20. DSC curve of 50-50 lignin-DGEBA blend composed of three thermal runs: 1) Heating 
from - 50 °C to 250 °C; 2) Cooling from 250 °C to - 50 °C; 3) Heating from - 50 °C to 250 °C. 
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The DSC curve shows: 

− The glass transition temperature of DGEBA in the first run at – 15 °C 
(highlighted in black colors in figure). 

− No melting temperature of DGEBA during the first run, indicating that the 
blend is homogeneous and that the whole DGEBA is dissolved in solution.  

− Two cross-linking peaks in the first run, one at 160 °C and the other at 205 
°C (indicated in blue colors in figure). The reaction occurs in the 
temperature range between 140 and 240 °C.  

− A unique Tg of the material at 135 °C in the third run (in black colors in 
figure). 

− No exothermic peaks in the third run at high temperatures related to 
hypothetical residual cross-linking reactions.  

 

4.5.4.2 Discussion 
 
Comparing the first runs of DSC curves of the different blends (heating from - 50 
°C to 250 °C), it was found that 30-70 and 40-60 lignin-DGEBA blends show the 
peak corresponding to melting temperature of DGEBA, unlike the 50-50 blend.  
The obtained result indicates that the former two blends are not homogeneous 
before the curing and contain a separated phase of DGEBA, that has not 
dissolved in solution and is responsible for the Tm peak. On the contrary, the 50-
50 blend doesn’t show any melting temperature, meaning that the solution is 
homogeneous and composed of a single phase.  
 
Moreover, in all the three blends, two cross-linking peaks appear between 140 
°C and 240 °C, indicating that the reaction occurs in a range of temperatures 
around 200 °C. The presence of two different peaks may be explained 
considering that the first peak could correspond to the cross-linking reaction of 
aliphatic OH of lignin while the second one to the reaction of aromatic OH. In fact, 
the latter are harder to reach for the epoxide groups of DGEBA and need a higher 
temperature than the aliphatic ones to be accessible for the reaction.  
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An alternative hypothesis is that the different peaks indicate the crosslinking 
reactions, respectively, before and after the Tg of lignin, i.e. around 155 °C. In this 
case, the first peak would be due to the cross-linking reaction of the part of lignin 
that is dissolved in DGEBA, whereas the second peak would correspond to the 
lignin that wasn’t dissolved in solution and that reacts once passed the Tg, thanks 
to its increased capability to flow. 

The analysis of the third run of the blends, consisting in heating the already cured 
material from – 50 °C to 250 °C, shows that only one glass transition temperature 
is present in each of the three curves. This result demonstrates that all the cured 
blends are homogeneous and constituted by a single phase.  
In addition, the fact that the curves of the three blends don’t show any consistent 
residual exothermic peak at high temperatures indicates that the cross-linking 
reaction was concluded.  

Finally, the comparison of the glass transition temperatures of pure DGEBA and 
lignin-DGEBA blends confirms that the addition of lignin, which has a much higher 
Tg than DGEBA (155 °C against - 15 °C), causes an increase of the Tg of the 
resulting blend compared to DGEBA alone. More specifically, raising the content 
of lignin, the glass transition temperature of the obtained blend increases in 
accordance with the trend reported below (Table 3). 

Table 3. Glass transition temperatures of pure DGEBA, pure lignin and lignin-DGEBA blends. 

100% 

DGEBA 

30% - 70% 

lignin-DGEBA 

blend 

40% - 60% 

lignin-DGEBA 

blend 

50% - 50% 

lignin-DGEBA 

blend 

100% 

Lignin 

Tg -15 °C 55 °C 77 °C 135 °C 155 °C 
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4.5.5 Thermogravimetric analyses 
 
Thermogravimetric analyses (TGA) were performed on lignin and on 50-50 lignin-
DGEBA blend to evaluate the thermal stability of the materials. Measurements 
were carried out heating the samples from ambient temperature to 800 °C at a 
scan rate of 20 °C/min under Nitrogen flux.  
 

4.5.5.1 Results and Discussion 
 
The results of the TGA of lignin are illustrated below in Figure 21.  
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Figure 21. TGA curve of Kraft lignin, heated from ambient temperature to 800 °C. The green 
line indicates the weight loss of the material, while the blue line shows the weight loss 
derivative, i.e. the degradation rate.  
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The weight loss curve (represented in green in figure) shows that, up to 100 °C, 
lignin has lost around 5% of its weight, which corresponds to the evaporation of 
absorbed water. The thermal degradation of the material starts approximately 
above 100 °C, when the weight loss (green curve) begins to decrease faster and 
the weight loss rate (indicated by the blue curve) starts to increase. The weight 
loss rate curve, thereafter, continues to increase until it reaches its maximum at 
361 °C. The overall weight loss of lignin after heating to 800 °C consisted of 58% 
of its initial weight. 
 
The TGA of 50-50 lignin-DGEBA blend is shown in Figure 21. 
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Figure 22. TGA curve of 50-50 lignin-DGEBA blend, heated from ambient temperature to 800 
°C. The green line indicates the weight loss of the material, while the blue line shows the 
weight loss derivative, i.e. the degradation rate. 
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At 100 °C the blend has lost less than 2% of its weight, indicating that only a small 
amount of water was present in the material. Up to more than 200 °C, the weight 
loss does not exceed 2,5% of the initial weight. The thermal degradation of the 
blend begins at around 220 °C, reaching its maximum rate at 411 °C. At 800 °C, 
the total weight loss of the material consisted of 69% of the initial weight.  
 
Comparing the obtained results of pure lignin with those of the 50-50 blend, it 
was found that the thermal stability of lignin is improved by the blending with 
DGEBA. In fact, the thermal degradation of pure lignin begins at 100 °C, whereas 
the blend starts to thermally degrade more than 100 °C above this level, i.e. at 
around 220 °C. Moreover, the maximum degradation rate also shifts to a higher 
temperature, changing from 361 °C of pure lignin to 411 °C of the blend.  
The overall weight loss of the blend is higher than that of lignin because of the 
presence of DGEBA, which loses almost its entire weight during the heating to 
800 °C [19]. 
 
 

4.5.6 Composites fiber content analyses 
 
Thermogravimetric analyses were also conducted on composites to investigate 
their real glass fiber content. Measurements were collected by heating the 
samples from ambient temperature to 800 °C, at a scan rate of 20 °C/min in air 
atmosphere, in order to obtain a residual weight made by glass fibers only.  
 

4.5.6.1 Results and Discussion 
 
The theoretical fiber content, the obtained real fiber content and the difference 
between the previous two (indicated as Delta%) are reported below in Table 4 for 
each of the different prepared blend. 
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Table 4. True fiber contents of manufactured composites obtained from TGA and deltas with 
theoretical fiber contents. 

Theoretical GF % 10% 20% 30% 40% 50% 60% 

True GF % 12,1 % 21,9 % 33,1 % 42,4 % 54,6 % 60,7 % 

Delta % 2,1 % 1,9 % 3,1 % 2,4 % 4,6 % 0,7 % 

 
Taking into account the manual mixing of the composites and the resulting non 
completely homogeneous distribution of glass fibers in the matrix, the differences 
between the true and theoretical fiber contents are considered to be acceptable, 
since they all fall within a margin of error of 5%. 
 
 

4.5.7 Tensile Testing 
 
Tensile tests were performed on 50-50 lignin-DGEBA blend and on all the 
composites to evaluate their mechanical properties and to investigate the effect 
of the different fiber contents on the mechanical resistance of the composites.  
Measurements were carried out following the “Standard Test Method for Tensile 
Properties of Polymer Matrix Composite Materials” procedure (ASTM D3039). 
The samples used for the test were pre-treated with a surface polishing in order 
to obtain uniform dimensions. The produced specimens had a rectangular shape 
with the following average dimensions: length 11 cm, width 1,1 cm and thickness 
2 mm. The gauge length, i.e. the distance between the arms of the extensometer 
(shown in Figure 23), was 5 cm. A pre-load of 0,5 MPa was applied to the 
specimens before the start of the tests. The tests were performed under 
displacement control, subjecting the samples to a tensile force with a fixed 
displacement rate of 1 mm/min. 
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4.5.7.1 Results and Discussion 

The obtained average mechanical properties of 50-50 lignin-DGEBA blend and 
composites together with their standard deviations are reported in Table 5. 
Stress-strain curves of the different materials are showed in Figure 24. 
The comparison between the results of the blend and those of the composites, 
demonstrates that the addition of glass fibers to the blend improves its 
mechanical properties. In fact, the average Young’s modulus, the Ultimate 
Tensile Strength (UTS) and the Elongation at Break of the 10 % glass fiber 
composite (the composite with the lowest fiber content) increase respectively 
from 1,95 to 2,66 GPa, from 9,18 to 16,21 MPa, and from 0,42 to 0,56 % 
compared to the unreinforced blend.  
Among the composites, the mechanical properties show an increasing trend with 
increasing glass fiber content, until the 50% GF composite: the average Young’s 
modulus and Ultimate Tensile Strength increase progressively from 2,66 GPa 
and 16,21 MPa of the 10% GF composite to 4,67 GPa and 24,95 MPa of the 50% 
GF composite, respectively.  

Gauge 
Length 

Extensometer 

Figure 23. Tensile testing machine. A side view (on the left) and a front view (on the right) of the 
machine loaded with a composite specimen and ready for a tensile test.  

Specimen 
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On the other hand, the 60% GF composite shows a clear decrease in the 
mechanical properties compared to the composites with lower glass fiber 
contents. In fact, the average Young’s modulus and the Ultimate Tensile Strength 
diminish, respectively, from 4,67 GPa and 24,95 MPa of the 50 % GF composite 
to 3,35 GPa and 18,57 MPa of the 60% GF composite. This decrease is 
supposed to be due to the fact that the amount of fibers of the 60% GF composite 
resulted excessively high to be adequately processed with the method used in 
this work. Indeed, the high viscosity of this composite limits the efficiency of the 
manual mixing of the components and produces a material that is not 
homogeneous and has a higher porosity than composites with lower fiber 
contents, resulting in poorer mechanical properties. Relative to the elongation at 
break, among the composites no trend was found with increasing fiber content. 
Both the UTS and the elongation at break of composites resulted relatively small 
compared to the average values of this type of materials, most probably due to 
their porosity. 
 
Table 5. Average mechanical properties of the different developed materials obtained from 
tensile tests. 

 Young’s modulus 
Ultimate Tensile 

Strength 

Elongation  

at break 

50-50 Blend 1,95 ± 0,32 GPa 9,18 ± 2,49 MPa 0,42 ± 0,08 % 

10% GF 2,66 ± 0,18 GPa 16,21 ± 2,97 MPa 0,56 ± 0,02 % 

20% GF 3,11 ± 0,29 GPa 21,51 ± 2,34 MPa 0,69 ± 0,15 % 

30% GF 4,24 ± 0,15 GPa 24,36 ± 2,04 MPa 0,54 ± 0,06 % 

40% GF 4,43 ± 0,12 GPa 24,54 ± 2,86 MPa 0,53 ± 0,06 % 

50% GF 4,67 ± 0,44 GPa 24,95 ± 4,03 MPa 0,53 ± 0,07 % 

60% GF 3,35 ± 0,2 GPa 18,57 ± 1,84 MPa 0,53 ± 0,09 % 
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4.5.8 SEM analyses 

Scanning Electron Microscopy (SEM) analyses were performed on 50-50 lignin-
DGEBA blend and on composites to investigate the effect of glass fibers on the 
porosity of the material, and to evaluate fiber distribution and the adhesion 
between matrix and reinforcement of the composites.  
The images were taken on the fracture surface of specimens broken by the 
tensile tests. The analyses were carried out through the detection of back-
scattered electrons with three different enlargements: 200 X, 1000 X, 5000 X. 
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Figure 24. Stress strain curves of 50-50 lignin-DGEBA blend and composites. The curves of a 
single tensile test are reported for each of the different materials. 
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4.5.8.1 Results and Discussion 

The images taken with the lowest enlargement, the 200 X, are shown below in 
Figure 25 and Figure 26. Comparing the images of the blend with those of 
composites, it is clearly visible that the addition of glass fibers diminishes the 
amount and the size of the cavities and consequently decreases the porosity of 
the material. In particular, among the composites, the porosity decreases with 
increasing glass fiber content until the 50% GF composite. The 60% GF 
composite, instead, shows a higher porosity than the composite with lower fiber 
content, resembling those of 10% and 20% GF composites.  
The distribution of the fibers in the blend matrix appears to be reasonably 
homogenous until the 40% GF composite. Fibers conglomerates start to be 
visible in the 50% GF composite and increase substantially in the 60% GF 
composite, forming clusters of fibers poorly dispersed in the matrix. 

50-50 Blend 10% GF

30% GF20% GF

200 X

Figure 25. SEM backscattered electron images with 200X enlargement of 50-50 lignin-DGEBA 
blend and 10%, 20% and 30% glass fiber composites.  
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Comparing the images of 40% and 60% GF composites with the 1000 X 
enlargement (Figure 27 below), a considerable difference in fibers distribution 
emerges. In fact, in the 40% GF composite, glass fibers appear well dispersed 
and significantly enclosed by the matrix, while the amount of fibers of the 60 % 
GF composite is too high to be embedded in the matrix and many fibers are not 
properly surrounded by the blend. 

60% GF

50% GF40% GF 50% GF

Figure 26. SEM backscattered electron images with 200X enlargement of 40%, 50% and 60% 
glass fiber composites. 

40% GF 60% GF

Figure 27. SEM backscattered electron images with 1000X enlargement of 40% and 60% glass 
fiber composites. 
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The analysis of the images detected with the 5000 X enlargement (two of which 
are illustrated in Figure 28), shows a strong adhesion between the glass fibers 
and the blend matrix which encloses them. More specifically, the images 
demonstrate that the matrix tends to coat the glass fibers and that some blend 
particles are attached onto the fibers walls, indicating a high affinity between the 
matrix and the reinforcement.  
Examining the glass fibers on the fracture surface, it can be seen that many of 
them have broken in half (as the fiber on the right side of 20% GF image of Figure 

28) rather than being pulled out, supporting the presence of a strong adhesion 
force between matrix and fibers. 

 
  

20% GF 40% GF

Figure 28. SEM backscattered electron images with 5000X enlargement of 20% and 40% 
glass fiber composites. 
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5. Environmental impact and social considerations 
 
 
Environmental aspects and sustainability implications are the basis of this Thesis 
project. The use of a renewable material such as lignin instead of an oil based 
polymer in order to produce a composite material would reduce the consume of 
petroleum feedstocks. In this way, a non-renewable source would be replaced by 
a renewable one, and the greenhouse gases emissions generated from the 
production of petroleum-based polymer would be consequently diminished.  
Moreover, such use of lignin would imply the recycling and the enhancement of 
an abundant waste product, which instead is currently burnt as a source of 
energy, and would eliminate the CO2 emissions generated by its combustion. 
Hence, the developed composite, if produced on a large scale, would also have 
a social and ethical impact. In fact, using a sustainable and more environmental 
friendly product with the same functions of a fossil-based one, would raise 
awareness on problems caused by non-renewable source plastics and 
encourage people to promote and invest in products from renewable sources. 
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6. Conclusions 
 
 
The developed composite made of a 50-50 lignin-DGEBA blend matrix and a 
glass fiber reinforcement possesses many favorable properties, but also some 
disadvantageous aspects that should be improved before producing it industrially 
on a large scale. 
 

6.1 Porosity 
 
The main unfavorable characteristic of the manufactured composites is its 
porosity. The presence of cavities embrittles the material and lowers its 
mechanical properties. In fact, the developed composites are subjected to a 
brittle fracture caused by this defect: their Ultimate Tensile Stresses are very low, 
around 20 MPa, considerably lower than a desirable value (ideally around 100 
MPa). This low resistance to fractures is due to the fact that the material breaks 
at the section with the highest amount of voids, as clearly shown by the SEM 
images of the fracture surfaces.  
Moreover, the porosity also generates uneven surfaces that prevent the control 
of the product dimensions. The presence of this type of defect is due to the high 
viscosity of the matrix, resulting from the high Tg of lignin and the viscous nature 
of DGEBA. The viscosity of the blend hinders the release of air entrapped during 
the process and the removal of water absorbed by lignin or produced by 
condensation reactions.  
 

6.1.1 Possible Solutions 
 
To eliminate the porosity in the final composite, the production process could be 
carried out entirely under vacuum. In this way, lignin would not absorb water 
before blending with DGEBA; furthermore, both the air entrapped during the 
mixing and the water produced by the condensation reactions would be removed. 
An alternative solution for removing the porosity is to improve the mixing process 
of the blend: an automatized and more efficient mixing method rather than a 
manual one would diminish the trapping of air and promote the release of gases 
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from the mixture. Additionally, a pre-heat treatment of lignin could improve its 
thermal stability at high temperatures, as a result of the removal of volatile 
species that have found to be released in a temperature range between 150 °C 
and 300 °C [20].  
 

6.2 Curing Process 
 
Another disadvantageous aspect of the developed composite is represented by 
the harsh conditions of the curing process. In fact, four hours of curing, two of 
which at 200 °C, require not only high energy consumptions, but also could imply 
possible risks for thermal degradation of the material.  
To overcome this issue, future experimental studies should consider the addition 
of a catalyst to the polymers blend. This type of solution would decrease the 
temperatures and the time of the curing process, thus reducing the energy 
consumptions and the risks of thermal degradation. 
 

6.3 Advantageous Properties 
 
Despite the fact that the final product presents some aspects that can be 
improved, it certainly shows many favorable features.  
In addition to the already discussed advantages of substituting fossil-based 
polymers and using a waste product, the developed composite possesses some 
beneficial mechanical and thermal properties that make it suitable for an industrial 
large-scale production. First, the material has a high thermal stability, as 
demonstrated by the TG analyses. In fact, the matrix begins to degrade around 
250 °C and loses less than 5% of its weight up to 300 °C. 
Secondly, the composites can be processed up to 140 °C without activating 
cross-linking reactions, resulting in a possible high processing temperature. 
Finally, the material is characterized by a high affinity between matrix and 
reinforcement resulting in a very strong adhesion force of the glass fibers to the 
blend, as shown by the SEM analyses. 
Thanks to this strong cohesion between the two constituents, the produced 
composites exhibit a favorable stiffness: their Young’s modulus varies from 4 
GPa of the 30% GF composite to almost 5 GPa of the 50% GF composite.  
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7. Future Work 
 
 
 
The present work lays the base for future developments that will have to address 
few issues in order to obtain a final product that can be industrially manufactured 
on a large scale, such as: 

• Porosity, which is the main problem of this material, needs to be minimized 
through additional research on the processes conditions in order to 
optimize the mixing and the curing procedures.  

• The addition of a catalyst to the lignin-DGEBA blend should be tested to 
reduce the time and the energy consumptions of the curing process.  

• The sustainable impact of the composite could be further improved using 
recycled glass fibers as reinforcement instead of pristine ones.  

• The addition of a third component to the blend should be considered in 
order to promote the cross-linking reaction and lower the final glass 
transition temperature. Specifically, two possible additives appear 
promising: glycerol and azelaic acid. The former has three hydroxyl groups 
in its molecule and is liquid at ambient temperature. The latter consists of 
an aliphatic acid with two carboxyl groups and is in solid state at ambient 
temperature.  
Having both glycerol and azelaic acid much shorter molecules than lignin, 
the hydroxyl and carboxyl groups of the former two result more easily 
accessible for the cross-linking reactions compared with those of lignin. 
This fact would lead to an increase in the number of easily reachable 
functional groups that can react with the epoxides of DGEBA.   
Thus, the addition of these components would foster the cross-linking 
reactions and would increase the cross-linking degree of the cured blend.  
Finally, both glycerol and azelaic acid act as plasticizers: they decrease 
the viscosity and Tg of the lignin-DGEBA blend, facilitating the mixing of 
the components and lowering the processing temperature. 
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