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II. Summary 

In the current situation of depletion of fossil fuels, the switch towards the 

utilization of energy and material sources of renewable nature has become 

a necessary step to take to assure the sustainability of our system. 

In this respect, when focusing into the field of materials, wood is known 

for being an alternative of significant importance in the building and 

construction sector, owing to its favourable environmental, structural and 

mechanical characteristics. Nevertheless, wood is also known for 

displaying several disadvantages such as its vulnerability to different 

agents. Within these agents, special attention should be paid to fire, which 

can provoke a considerable damage to wood, jeopardizing its desirable 

above-mentioned characteristics. Accordingly, the market demands are 

being focused towards different wood fireproofing treatments. The 

utilization of synthetic resins accounts for one of the most employed 

solutions within the chemical industry. However, it brings along the 

present issues related to the raw materials derived from non-renewable 

sources. 

In this context, the substitution of those synthetic resins for other 

biosourced ones with a similar performance could fulfil the same function 

of the existing resins but lowering their impact over the environment.  

This work is therefore trying to address the previous topic and for that 

purpose, it has been distributed into five chapters. 

In the first one, the current background related to renewable raw materials 

vs. non-renewable raw materials is discussed with focus on the 

valorisation of lignocellulosic biomass, the biorefinery process and two of 

the most important natural phenolic compounds present in nature namely 

lignin and tannins. 
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In the second chapter the selection of the raw materials and the extraction 

processes of lignin and tannins are discussed, along with their 

characterization. 

The third chapter addresses the process of lignin modification to achieve 

an enhancement of its properties and the combination lignin and tannins 

in the synthesis of the biosourced resins, together with their chemical 

characterization. 

In the fourth chapter, the actual application of the biosourced resins as 

element to achieve wood protection against fire is carried out by using two 

different methods and the assessment of their performance in this respect 

is done. 

The work ends with the fifth chapter in which the main conclusions, 

remarks and future perspectives of this research are drawn. The scientific 

publications and works derived from this thesis are listed as well. 
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III. Research goals and methodology 

The general objective of this project is to develop a formulation of a 

biosourced resin that can be used for the protection of wood and wood 

composites against fire and to evaluate its performance and effectiveness 

for the mentioned application. With this purpose, the following specific 

sub-objectives are proposed: 

• Valorisation of agricultural residues and by-products from the 

wood and pulp industry, as source of phenolic compounds such as 

lignin and tannins. 

• Extraction of the lignin by means of a process, which assures a high 

yield and purity of the mentioned compound and a low 

environmental impact. 

• Characterization of the lignin extracted and the tannins supplied 

to get a clear picture of their chemical and reactivity. 

• Development of different formulations of biosourced phenolic 

resins based on lignin and tannins (phenolic raw materials) and 

inorganic nanoparticles. 

• Characterization of the biosourced phenolic resins to evaluate their 

chemical and thermal properties. 

• Application of the synthetized resins as coatings for the protection 

of wood against fire. 

• Assessment of the performance and efficiency of the coatings in 

wood fireproofing protection field. 

With the aim of achieving the previous objectives, the following 

methodology, which was distributed in several tasks corresponding to 

different chapters of the thesis, was implemented: 

In the second chapter, the lignocellulosic residues coming from the 

agroforestry sector (almond shells and maritime pinewood) were 
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characterized according to the TAPPI standards to assess their valorisation 

as source of lignin. Moreover, a multistage sequential organosolv process 

was carried out with the purpose of increasing the extraction yields of 

lignin. The mass balance of the process was performed to evaluate its 

efficiency and the liquors and solid products from each stage were 

characterized. The lignins obtained from the organosolv extraction were 

analysed to elucidate their composition and main structural 

characteristics. In this same chapter, commercial tannins (mimosa tannins) 

were characterized chemically to evaluate their composition and 

reactivity. Thereby, it can be inferred whether they represent a suitable 

raw material for the synthesis of the biosourced phenolic resins 

afterwards. 

In the third chapter, the functionalisation of lignins isolated in the 

previous step was performed by means of a process of glyoxalation 

followed by another process of hybridization with inorganic 

nanoparticles. The former, was aimed to enhance the reactivity of the 

lignins, whereas the latter was intended to improve their thermal 

properties. The lignins were structurally characterized by using several 

techniques of analysis such as FTIR, GPC, 1H-NMR, XRD and TGA. The 

process of functionalisation of the lignins was the previous stage to the 

resin synthesis, which was achieved after the combination of the modified 

lignins and the above-mentioned tannins. Once the resins were 

synthetized, they were analysed in terms of their chemical parameters and 

thermal properties. 

In the fourth chapter, the application of the biosourced phenolic resins for 

the protection of wood against fire was tested. Two different wood types, 

namely softwood and hardwood were employed to analyse the 

differences between them. 
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Once the resins were used for each application, the wood samples were 

subjected to several analysis techniques to assess the wood performance 

under fire exposure. First, a calorimetry pump was utilized to measure the 

high calorific values of the wood samples and thus determine their 

flammability. Secondly, a fireproofing test based on the standard UL 94-

HB was implemented to evaluate parameters such as the flame 

propagation and extinction and the actual fire protection gravimetrically. 

Finally, a Hot Disk Thermal Conductivity Analysis was performed to see 

the influence of the resins applied onto the wood in terms of heat 

conduction compared to wood unprotected. 
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1.1 Context and motivation 

At this very moment of the XXI, the main repercussions from our current 

economic system based on the exploitation of non-renewable sources of 

materials and energy are becoming increasingly evident. Thereby, the 

depletion of oil and greenhouse gas emissions are not upcoming problems 

anymore but current issues. Moreover, taking into consideration the 

ongoing population growth worldwide, which has experienced a growth 

of 33% in the last 20 years (from 6 to 8 billion) according to the United 

Nations Prospects1, the lives of our future generations are in real danger. 

Fortunately, in the last years different environmental actions are being 

implemented. For example in Europe, from the 3rd March 2010 a plan 

called “Europe 2020 strategy” is being carried out. This 10 year-plan, is 

aiming several objectives in different areas such as employment, research 

and development, climate change and energy, education and poverty and 

social exclusion. In the environmental field, it is pursuing the reduction of 

greenhouse emissions to levels 20% lower than in 1990, 20% of energy 

coming from renewable sources and an increment of 20% in energy 

efficiency2. With these purposes, the implementation of various financial 

instruments such as “Horizon 2020” is taking place. The mentioned 

program is the biggest European investment ever in Research and 

Development3, with a contribution of 80 billion € for a period of 7 years 

(2014-2020). These policies are showing their influence and thus indicators 

such as the greenhouse emissions are displaying a decreasing tendency in 

the last years (Figure 1). This does not mean that the problem of 

greenhouse emissions is solved. In fact, more efforts would be needed to 

remove this issue from the picture in the medium-long term. However, the 

fact that these types of policies are showing a positive effect should 

encourage more countries to embrace them. 
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Figure 1. This indicator measures all emissions of greenhouse gases for the 
average of the 28 European countries, which includes carbon dioxide (CO2), 
methane (CH4), nitrous oxide (N2O), and the hydrofluorocarbons, 
perfluorocarbons, nitrogen triflouride (NF3) and sulphur hexafluoride (SF6). They 
are integrated into a single indicator expressed in units of CO2 equivalents by 
employed the individual global warming potential (GWP) of each gas4. 

Worldwide, another agreement that can be highlighted is the one reached 

at the “21th Conference of Parties (COP)” held in Paris in December 2015 and 

enclosed under the United Nations Framework Convention on Climate 

Change (UNFCCC). In the mentioned agreement and for the first time, all 

nations are brought into a joint objective to embrace demanding efforts, 

which can tackle climate change. These efforts are majorly focused on a 

central aim, which consists of maintaining the global temperature 

increment during this century “well below 2°C above preindustrial levels and 

pursuing efforts to limit the temperature increase to 1.5°C above pre-industrial 

levels”5. This goal is related to requiring all the signing countries to work 

united to reduce the greenhouse emissions by the second half of this 

century down to zero. Despite these well-intentioned actions, an opposite 

party exists as well, which can dangerously undermine and hinder these 

necessary efforts. The so-call “climate-change deniers” are represented by 

those countries, companies and/or administrations, which express their 

doubts and even question the principles of climate change. 
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Consequently it is time to double efforts and take this environmental crisis 

very seriously to switch our present system to a more equal and 

sustainable one. 

1.2 Circular economy and biorefinery concept 

When talking about a change of the system, it is implied a full change of 

mindset. Therefore, this new model should aim towards a sustainable 

development. This requires an equitable and concurrent consideration of 

several parameters at different levels (economic, social, environmental 

and technological) and the interrelation between them6. To address the 

topic of sustainable development, the concept of Circular Economy (CE) 

has appeared in the recent years. This is not a completely new concept but 

it has attracted a great deal of attention lately, not only around the 

policymakers7 but also within the academic research with a significant 

increment in the number of publications (Figure 2). 

 

Figure 2. Evolution of scientific publications related to the topic of circular 
economy along the last 20 years. 

The concept of Circular Economy was originated in the late 1970s and its 

current formulation is attributed to Pearce and Turner (1989). They based 

on a precedent study of an ecological economist called Boulding (1966), 

which presented the earth as a close-circular system in which the economy 

and the environment should be in perfect balance8. 
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Concerning the theoretical framework of this concept, Pearce and Turner 

introduced the need for a switch from the traditional linear and open-

ended economic system “Take, make, dispose” to a circular model based on 

the principle of cradle-to-cradle, regenerative design or industrial ecology 

amongst others. The opposite nature of both systems is displayed in 

Figure 3. 

 

Figure 3. Comparison between the concepts of the linear and circular economy. 

The concept of “circular economy” has evolved over the years, thanks to 

contributions made by different authors. Nowadays, the most extended 

definition has been stated by the Ellen MacArthur Foundation, which 

introduces circular economy as “an industrial system that is regenerative by 

intention and design. It replaces the end-of-life concept with restoration, shifts 

towards the use of renewable energy, eliminates the employment of toxic 

chemicals, which impair reuse, and aims for the elimination of waste through the 

superior design of materials, products, systems, and, within this, business 

models”9. In summary, circular economy can be described as a model that 

focuses on keeping products, components and materials at their highest 

utility and value at all times10. 
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Circular economy is sustained on three main principles called “the 3Rs”, 

namely reduction, reuse and recycle11,12. 

• Reduction: this principle is pursuing the minimization of the 

inputs of energy, raw materials and waste by maximizing the 

efficiency in the production and consumption processes13. 

• Reuse: this principle is defined as “any operation by which products 

or components that are not waste are used again for the same purpose for 

which they were conceived”14. 

• Recycle: this principle is referred to “any recovery operation by which 

waste materials are reprocessed into products, materials or substances 

whether for the original or other purposes. It includes the reprocessing of 

organic material but it does not include energy recovery and the 

reprocessing into materials that are to be used as fuels or for backfilling 

operations”15. 

From the above-listed principles, the ones playing the major roles are the 

former ones (reduce and reuse). They are the most sustainable solutions 

compared to the latter one in terms of resource efficiency and 

profitability16. Consequently, those ones should be the first consideration, 

since it is known that recycling is limited by the demand and nature of the 

materials involved. The implementation of the Circular Economy in our 

current world is an arduous task since it needs from profound changes at 

so many different levels (industrial, business, societal etc.). However, new 

approaches are being taken to embrace the transition towards this more 

sustainable model, especially at the industrial production level. These 

approaches are based on the idea of Circular Economy of “closing the loop”. 

This means, that the final objective is the transformation of low-value side 

streams, residues or wastes into more valuable products17. In this context, 

arises the concept of biorefinery. The mentioned concept appears as a 

useful tool that can help to transition from a linear towards a circular 

economy and contribute to the improvement of the public health and 

environment18. A biorefinery presents certain similarities to the traditional 

refinery but in this case, petroleum is substituted by biomass as feedstock. 
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There are also other various divergences between them that influence 

considerably the way in which they operate (Table 1). 

Table 1. Comparison between the traditional oil refineries and the biorefineries 

in terms of several parameters19. 

 Refinery Biorefinery 

Feedstock 

-Homogeneous nature. 

-Low oxygen content. 

-Presence of suphurous 

compounds. 

-The weight of the 

product is incremented 

with processing. 

-Heterogeneous nature. 

-High oxygen content. 

-Raw materials in 

polymeric form. 

-The weight of the product 

is decreased after 

processing. 

Building 

blocks 

-Ethylene, propylene, 

methane, BTX isomers. 

-Glucose, xylose, fatty 

acids 

Processes 

-Mainly chemical 

processes 

-Relative homogeneous 

nature. 

-Broad range of 

conversion chemistries. 

-Combination of chemical 

and biochemical processes. 

-Relative heterogeneous 

nature. 

-Narrow range of 

conversion chemistries. 

Intermediates 

at commercial 

scale 

-Abundant. 
-Few but with an 

increasing trend. 

Concerning the biorefinery concept, there are two widely employed 

definitions. On the one hand, the IEA Bioenergy Task 42 states that 

“biorefining is the processing of biomass into a spectrum of marketable products 

(food, feed, materials, chemicals) and energy (fuels, power and heat)19. On the 

other side, the National Renewable Energy Laboratory (NREL) defines 

biorefinery as “a facility that integrates biomass conversion processes and 

equipment to produce fuels, power and chemicals from biomass”20. 
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As seen from the previous definitions, it is clear that the major goal of a 

biorefinery is the production of a range of different products, using all 

kinds of biomass as feedstock and by means of different process 

technologies. Ideally, this approach should be able to compete with the 

traditional oil refineries but providing considerable environmental and 

technological advantages. Therefore, an important feature is the level of 

integration, which could assure the complete employment of all the 

resources. The energy demands of the process of transformation of 

biomass should be provided internally by the heat or electricity obtained 

from the valorization of the residues through a combination of processes 

and technologies designed suitably21. 

Traditionally biorefineries have been classified only according to several 

individual parameters such as the type of feedstock employed, the level of 

integration, the type of conversion process used and the type of main 

intermediates produced. Nevertheless, since 2008 the IEA Bioenergy Task 

42 developed a more precise and specific biorefinery classification 

system22. As described by Gnansounou and Pandey, 201723 this new 

classification system is pursuing the next goals: 

• To avoid ambiguity for the stakeholders in the biorefinery field. 

• To provide accuracy concerning the feedstocks, platforms and final 

products. 

• To display the complexity of the biorefinery facility. 

• To be appropriately accurate and specific in naming each 

biorefinery. 

With these aims, the classification system is based on the illustrative 

representation of the chain from the full biomass to the final products. 

Thus, this approach consists in the combination of four main features 

displayed in Table 2. 
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Table 2. Features considered for the description of the different configurations of 

biorefineries. 

Parameter Description 

Platform 

Intermediates that can be used as a link between 

biorefinery systems and their processes (e.g. C5/C6 

sugars). 

Product 

The two main biorefinery groups are energy (e.g 

bioethanol or biodiesel) and products (e.g. chemicals or 

materials respectively). 

Feedstock 

The main groups within the biorefineries are energy 

crops (e.g. starch crops or short rotation forestry) and 

biomass residues (e.g. straw, bark or waste streams from 

biomass processing). 

Process 

Divided in four conversion processes such as 

biochemical (e.g. fermentation), thermochemical (e.g. 

pyrolysis), chemical (e.g. acid hydrolysis) and 

mechanical (e.g. pressing). 

With the combination of the previous parameters, any type of biorefinery 

can be depicted unambiguously by quoting the involved platforms, 

products, feedstocks and the process e.g. oil biorefinery using oilseed crops 

for biodiesel, glycerin, and feed by means of pressing, esterification and 

distillation24. 

1.3 Biomass and feedstock selection 

A change of the system could not only be achieved by switching to new 

economic and production models such as the described in the previous 

section. Consequently, it is also necessary a switch towards new energy 

and material resources of renewable nature. Within all these renewable 

sources, a great deal of attention has been attracted, especially by biomass. 
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This is motivated by several factors or strengths of this raw material25: 

• It is an abundant, renewable source, which can be produced 

anywhere, and that represents an option to decrease the 

dependency on oil. 

• It provides a solution to poverty in under developed and 

developing countries, promoting rural employment. 

• It contributes to the reduction of carbon dioxide (CO2) emissions. 

Concerning the biomass concept, there is not an uniquely agreed 

definition. Generally, it can be defined as “organic matter originated from 

living, or recently living microorganisms”26. Nevertheless, other definitions 

can be found based on the context in which the concept is treated. On the 

one side in the field of bioenergy, biomass has been defined by the 

Directive 2009/28/EC as the “biodegradable fraction of products, waste and 

residues from biological origin from agriculture, forestry and related industries 

including fisheries and aquaculture, as well as the biodegradable fraction of 

industrial and municipal waste”15. On the other side, in the area of 

bioeconomy it has been stated that “biomass consists of the renewable 

biological resources for their conversion along with other waste streams into 

value-added products such as food, feed, bio-based products and bioenergy”27. 

Different biomass classifications can be found through the literature, 

according to the criteria used. Here two classifications are presented based 

on the chemical composition and origin of the biomass. Thereby the 

different types of biomass can be observed28 as shown in Table 3. 
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Table 3. Types of biomass according to the principle used for its classification. 

Criteria Types 

Origin 

Agricultural biomass 

Forest biomass 

Residues, wastes and by-product biomass 

(includes sewage and solid municipal wastes) 

Aquatic biomass 

Chemical composition 

Lignocellulosic biomass (with a predominance 

of cellulose, hemicellulose and lignin) 

Sugar-rich biomass 

Starch-rich biomass 

Oil-rich biomass 

Protein-rich biomass 

In the present work, biomass is employed as the starting raw material from 

which the phenolic compounds are extracted. Nevertheless, a necessary 

previous step was the selection of the type of biomass to be used. For this 

purpose, it was considered the fact this is a research in a joint collaboration 

between universities of two different countries (France and Spain). 

Accordingly, one type of biomass was selected from each country. The 

main factors contemplated choosing the type of biomass were the 

availability and potential economic impacts that could be derived from the 

valorization of these resources in both countries. 

On the French side, the research was located in Mont Marsan in the French 

department of “Landes”, which is enclosed within the region of “Nouvelle 

Aquitaine” in the south-west of France. In this region, the forestry 

resources are of significant importance, since they represent the major 

surface of forest in France with 2803±43 x1000 Km2 29. Within this forest 

surface, there is a predominance of resinous wood species, which triplicate 

the number of non-coniferous species30. 
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Between the resinous species, maritime pine (Pinus pinaster) is the most 

representative one especially in the French department of “Landes” as it 

can be observed in Figure 4. Consequently and considering the previous 

data, it was decided to select forestry residues from maritime pine (Pinus 

pinaster) as the biomass source coming from the French part. 

 

Figure 4. Plot distribution of the frequency of Pinus pinaster occurrence in France31. 

In the Spanish side, the research was situated in San Sebastian, within the 

region of the Basque Country in the north of Spain. Here the type of 

biomass selected was almond shells, which is a residue coming from the 

agriculture. Spain is the second major producer of almonds (0.2 million 

tons) in the World, only after the USA according to FAOSTAT. Almond 

shells, which are the lignocellulosic material forming the husk of the 

almond tree fruit, are ranging 35-75% of the total fruit weight32. Hence, 

from 70-150 million kg of this waste are remaining annually in Spain and 

accordingly, almond shells valorization as a potential source of materials 

is of great interest. Normally almond shells are burned owing to their 

higher heating value (HHV) which is comparable to that of forest 

residues33. Nevertheless, this generates problems such as air pollution, soil 

erosion and a decrease in soil biological activity34. Consequently, the 

valorization of almond shells through their lignocellulosic components 

(cellulose, hemicellulose and lignin) appears as a more environmentally 

friendly solution. 
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1.4 Lignocellulosic biomass 

Between the different types of biomass, the lignocellulosic counts as the 

most abundant group representing almost 70% of the total plant biomass35. 

Moreover, it is the most abundant organic material present in nature36 with 

an estimated annual production worldwide of over 200∙109 tons 

approximately37. For these reasons, it presents an excellent potential as 

renewable feedstock for energy and materials. Furthermore it does not 

compete with food and animal feed38. 

Lignocellulosic biomass can come from different sources such as 

agricultural and forestry residues, grasses and woody materials. 

Chemically, they are composed of two different components namely non-

structural and structural39. In Figure 5, a schematic representation of the 

cell wall in the lignocellulosic feedstock is presented. 

 

Figure 5. Diagram of the main component present in the plant cell wall. 

The non-structural components are present to a minor extent in the 

lignocellulosic biomass. They are a variety of compounds non-chemically 

attached or attached by low-energy bonds (Van der Waals, hydrogen and 

electrostatic bonds) to the lignocellulosic cell wall including ashes, water, 

extractives and proteins40. On the other side, the structural components 

represent the most prominent group in lignocellulosic biomass. 
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They can be divided into two main groups namely cell wall 

polysaccharides and phenolic compounds41. 

• Cell-wall polysaccharides: Within this group, two main fractions 

can be distinguished i.e. the cellulose and hemicellulose. Cellulose 

is the major component of the plant cell wall structure. It is defined 

as a complex polysaccharide formed by D-glucose moieties linked 

via β-(1�4) glycosidic bonds (Figure 6). 

 

Figure 6. Chemical structure of cellulose. 

It represents the most abundant organic polymer in nature and it 

is constituted of crystalline parts together with amorphous regions. 

Cellulose is a straight-chain polymer, which presents a rigid and 

extended structure with a rod-like conformation42. Hemicellulose 

is the second renewable polymer in abundance of the world after 

cellulose. Opposite to cellulose, it is a heterogeneous polymer 

based on pentoses (xylose, arabinose), hexoses (glucose, mannose 

and galactose) and/or uronic acids (glucuronic, methylgalacturonic 

and galacturonic acids) (Figure 7). 

 

Figure 7. Main monomeric moieties of hemicellulose. 
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It is usually bound to other compounds in the cell wall, acting as 

linkage between cellulose and lignin. Its composition relies 

considerably on the vegetal source but also on plant tissue and 

geographical location. Thus, for instance in hardwood species they 

are mainly composed of xylans, whereas in softwood species the 

more prominent units are glucomannans. 

• Phenolic compounds: Within the plant cell walls, three different 

types of phenolic compounds can be differentiated such as lignin, 

tannins and phenolic acids41. Lignin is the third natural polymer in 

abundance in the lignocellulosic biomass. It is known for being a 

heterogeneous polymer with a marked crosslinked and aromatic 

nature. It confers to the lignocellulosic biomass excellent structural 

and mechanical properties. Phenolic acids are majorly structural 

components of the lignin core, such as carboxyl and phenolic 

groups, which permit the bonds between lignin and carbohydrates 

via ester and ether linkages. 

Tannins are not structural components but they are also an 

important group of phenolic compounds within lignocellulosic 

biomass. They are a family of compounds also characterized by 

their structural heterogeneity and aromatic nature. In the cell wall, 

they can be found linked to protein or polysaccharides43. 

Lignin and tannins are two families of compounds being the topic 

of a considerable number of researches lately (Figure 8). This is due 

to their phenolic nature, which is of great potential for partial or 

total replacement of fossil materials. For this reason, these 

compounds were chosen as the main raw materials to be used from 

biomass within the present work. In the following sections, a more 

profound description of both families of compounds will be 

provided. 



1. Introduction 

17 

 

Figure 8. Works find in the literature regarding lignin and tannin-derived 

research. 

1.5 Lignin 

Lignin is defined as an amorphous-tridimensional biopolymer derived 

from the polymerization of phenylpropanoid moieties with hydroxyl and 

methoxy substituents44. It is known for being the most abundant organic 

aromatic polymer in nature. 

1.5.1 Lignin chemistry and structure 

Chemically, lignin is an irregular and heterogeneously crosslinked 

polymer, which is composed of three major precursors (monolignols) 

namely p-coumaryl, coniferyl and sinapyl alcohols45. From these 

precursors, radicals are formed during the lignin biosynthesis, which 

incorporated into the lignin polymer. These are called p-hydroxyphenyl 

(H), guaiacyl (G) and syringyl (S) moieties respectively46 (Figure 9) 
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Figure 9. Types of precursors and monomeric units of lignin. 

All the monomeric units of lignin have a hydroxyl group in C4 but they 

differ on the methoxyl groups substituted in the positions C3 and C5, with 

none, one or two groups. The side-chain carbons are identified as α, β and 

γ, being Cα linked to aromatic C1. During lignin polymerization, these 

moieties are linked with each other via condensed bonds (C-C) and ether 

(C-O-C) linkages. The most reactive positions are the Cβ, which easily turn 

into aryl-ether bonds and the phenoxy oxygen47. The most common 

interunit linkages between lignin moieties are presented in Figure 10. 
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Figure 10. Main types of linkages between units in lignin structure. 

The structure of the lignin molecules is seen to display several functional 

groups, which have a significant influence on its reactivity48. According 

the current knowledge on lignin structure and chemistry, the most typical 

functional groups present are phenolic and aliphatic hydroxyl groups and 

carbonyl and carboxylic groups to a smaller extent, along with the 

aromatic methoxyl groups previously commented49. The distribution of 

these functional groups relies on different parameters, such as the lignin 

origin and the isolation process. 

1.5.2 Lignin in nature: function, origin and abundance in plants 

The term lignin is derived from the Latin “lignum”, which means wood. It 

has been already introduced as one of the main components of the cell wall 

in plants. Particularly, lignin is an essential compound for the cohesion of 

the secondary cell walls, since it provides fundamental mechanical 

properties to the cells, needed for functions such as water transportation 

and structural support50.  
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PAL: phenylalanine ammonia lyase, C4H: cinnamate 4-hydroxylase, C3H: p-coumarate3-
hydroxylase, COMT: caffeic acid O-methyltransferase, F5H: ferulate 5-hydroxylase, 4CL: 
4-coumarate coenzyme A ligase, CCoA3H: 4-coumaroyl-coenzyme A 3-hydroxylase, 
CCOMT: cafeoyl-coenzyme A O-methyltransferase , CCR: cinnamoyl-coenzyme A 
reductase, CAD: cinnamyl alcohol dehydrogenase. 

Figure 11. General phenylpropanoid pathway to monolignols. All enzyme 
reactions shown with a solid arrow have been demonstrated to occur in vitro. 
Reactions shown in smaller type may not occur in vivo. The reactions shown in 
green seem the most likely route to G lignin in vivo. The reactions in red represent 
those reactions consistent with both in vivo and in vitro evidence for being 
involved specifically in S lignin biosynthesis. The intermediate in orange is 
common to both G and S lignin pathways. (Reproduced from Dixon et al., 200154 
with permission of Elsevier via Copyright Clearance Center). 
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The formation of lignin in the secondary cell wall follows the general 

phenylpropanoid pathway (Figure 11) and starts with the biosynthesis of 

monolignols. These monolignols are originated from phenylalanine 

through a sequence of reactions in which several enzymes are involved51 

e.g. phenylalanine ammonia lyase, cinammat-4-hydroxylase, ferulate-5-

hydroxylase etc. Once the monolignols are synthesized, they are oxidized 

to the corresponding radicals. This oxidation reaction is mediated by 

different enzymes such as peroxidases and/or laccasses52. Then, the 

obtained radicals are polymerized by means of various reactions with free-

radical coupling mechanisms, leading to the final phenylpropanoid 

units53. 

The lignin content and its composition generally vary consistently 

between different plant species. For instance in hardwood species, lignin 

content can range from 15-25%, while in softwoods it can represent up to 

25-35%55. Concerning lignin composition, significant differences are also 

observed (Table 4). Gymnosperm species (softwood), display lignins with 

a prominence of guaiacyl units (G). On the other hand, angiosperms 

(hardwood) present a more complex structure since in this case, lignin is 

derived from the polymerization of both coniferyl and sinapyl alcohols. 

Thereby, syringyl (S) and guaiacyl (G) units can be found within the lignin 

structure, with approximately equal amounts of each one56. In both of the 

previous species (softwood and hardwood), p-hyxroxyphenyl (H) 

moieties can be present as well, but in very small amounts. These units are 

prominently encountered in non-woody species such as grasses57. 

Table 4. Composition of the lignin depending on the source. 

Species 

Presence of lignin units 

p-Hydroxyphenyl units 

(H) 

Guaiacyl units 

(G) 

Syringyl units 

(S) 

Hardwood  X X 

Softwood  X  

Grass X X X 
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1.5.3 Lignin applications 

Lignin displays great potential for different application owing to its 

aromatic polymeric structure58. Its properties also have a considerable 

potential over its potential applications in various areas. 

Table 5. Applications of lignins in different areas of the industry according to the 

literature. 

Applications Area Reference 

Synthesis of carbon fibers 

Materials 

59 

Enhancement of cement performance 60 

Synthesis of 
polymer 

composites 
from lignin. 

Thermoplastic polymers 61 

Thermosetting polymers 62 

Rubbers 63 

Biodegradable polymers 64 

Nanocomposites 65 
Fuel source (production of char, syngas, 
hydrogen and aromatic hydrocarbons) Energy 

66 

Energy storage 67 

Synthesis of 
resins 

Substituent of phenol in 
phenol-formaldehyde 

resins. 

Chemicals 

68 

Epoxy resins. 69 
Substituent of polyols in 

polyurethanes for the 
production of foams. 

70 

Additive to animal and human food. Food 71 
Scavenger or sequestering agent for water 
treatment. 

Environment 72 
Synthesis of bionanoparticles to be used as 
delivery systems such as drug release. 

Biomedicine 73 

Additive in healthcare products. Cosmetics 74 
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For example, in the field of materials, those lignin-derived (Table 5) 

present several advantages over the synthetic ones due to properties such 

as its biodegradability, availability, abundance in industrial wastes or low 

cost75. In other sectors such as medical and cosmetic industries, features 

like its antioxidant and antimicrobial nature make lignin the perfect 

candidate for several uses. In the previous table the range of different 

applications studied for lignin in the last years are presented. 

1.6 Tannins 

Tannins are the most abundant components extracted from biomass, after 

cellulose, hemicelluloses and lignin76. Besides, they represent the second 

most extensive source of phenolic compounds after lignins77. The “tannin” 

definition has its origin in the primary function of this group of 

compounds i.e. tanning. The tanning process has been important 

throughout history since it allowed the protection of animal skins turning 

them into leather by means of plant extracts. The first species reported for 

tanning leather was oak, which was actually designated with the name 

“tann” among the Celts78. One of the first definitions for tannins was given 

by A. Seguin in 1796, who described them as substances in vegetable 

extracts used for converting animal skins into stable leather79. 

Nevertheless, it was not until the early 1960s that a more accurate 

definition of tannin was introduced by Swain and Bate-Smith in 1962. 

They defined tannins as “naturally occurring water-soluble polyphenolic 

compounds having a molecular weight between 500 and 3000, capable of 

precipitating alkaloids as well as gelatin and other proteins from aqueous 

solutions”80. This definition is the one most frequently found and cited in 

the literature. 
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1.6.1 Tannins in nature: abundance, occurrence and function in 

plants 

Tannins are well distributed among the vegetal kingdom being present in 

both terrestrial and aquatic environments. Their content is majorly 

dependent on the species considered. In terrestrial environments, tannins 

are found in high concentrations in several species such as Schinopsis 

balansae (quebracho wood), Acacia mearnsii (black mimosa bark), Pinus 

radiata and Pinus nigra (pine species), Quercus spp (oak bark.) and Castanea 

sativa (chestnut wood). On the other hand, in aquatic environments they 

are present in non-vascular plants (primitive non flowering plants without 

roots, stems or leaves), emergent salt marsh vegetation81 and mangroves82. 

Nevertheless, within the same species the tannin content is reported to 

vary between the different parts of the plant with special abundance in 

barks, leaves, seeds, roots and rhizomes79. In the literature, there are 

several works in this respect, remarking the influence of the different 

species and parts of the plants on the tannin content83,84. For instance, it 

was reported by Cheng et al., ,2012 that the variety of grape employed 

significantly influenced the amount of tannins quantified in the extracts85. 

They found that the extracts of the variety Pinot Noir presented higher 

amount of tannins than Pinot Meunier. This was attributed to different 

viticulture practices and environmental conditions. Moreover, the amount 

of tannins was higher in the seeds compared to skin and pomace. 

In addition, tannin content can also vary with seasonal and environmental 

factors e.g. water availability, temperature, light intensity and soil 

quality86. Thus, their concentrations can change between seasons owing to 

the different stages of growth of the plant and demand for nutrients87. For 

example, during the growth period, when plants produce a lot of biomass, 

few resources are available for synthesis of phenolic compounds (low 

tannin content). However, at the time of flowering, the plant growth 

decreases and an excess of carbon is produced. This carbon is then 

available for the synthesis of tannins (high tannin content). 
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Respecting tannins function in plants, they are known for being secondary 

metabolites88. This means that they are not essential for growth and 

development but they play a major role in the plant survival owing to their 

defensive properties against insects and herbivores89.  

1.6.2 Tannins classification and chemistry 

The categorization of tannins based on their structural aspects and 

chemical characteristics is the most extended, since it offers a proper 

framework for further study. Traditionally, tannins were divided into two 

major classes namely condensed and hydrolysable tannins. However, 

currently two other types are also considered i.e. complex tannins and 

phlorotannins. 

Condensed tannins are defined as polymeric flavonoids90. However, they 

can appear as oligomers as well, when they are composed of two to ten 

monomeric units91. In the form of polymeric flavonoids, they have limited 

to none solubility in water, whereas in oligomeric form, they are water 

soluble92. Within the flavonoids group, condensed tannins are considered 

as flavanols, since they are composed of flavan-3-ol moieties93 (Figure 12). 

 

Figure 12. Flavan-3-ol structure and its nomenclature. 

The flavan-3-ols units can display different structures depending on the 

type of “A” and “B” rings present. “A” ring can appear as a phloroglucinol 

or resorcinol moieties, whereas “B” ring can be arranged as a catechol or 

pyrogallol unit. These combinations lead to the formation of several 

monomers of condensed tannins. The compounds showed in table 6 are 

the precursors of various types of condensed tannins. 
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In this sense, the tannins whose structure is exclusively composed of 

(epi)catechins are designated as procyanidins, which are the most 

abundant type of condensed tannins present in plants. On the other part, 

those tannins mainly formed by (epi)fisetinidol, (epi)robinetinidol and 

(epi)gallocatechin units, are labeled as profisetinidin, prorobinetidin and 

prodelphindin respectively. 

Table 6. Structures of the most common flavan-3-ol monomers of condensed 

tannins. 

Condensed tannins monomeric units are joined via interflavonoid bonds, 

which are mainly C-C (either C4-C8 or C4-C6) and occasionally C-O-C94. 

In the C4-C8 linkage, the C4 carbon corresponds to the extender and the 

C8 carbon to the terminal unit. This type of bond usually leads to linear 

structures, whereas the C4-C6 bond induces the formation of branched 

polymers and oligomers (Figure 13). 

Arings 

 
 
 

B rings   
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Figure 13. Major links between monomeric units in condensed tannins polymers 
and oligomers. 

Hydrolysable tannins are heteropolymers composed of polyphenolic 

acids and their derivatives, esterified to a polyol95. This polyol, generally a 

carbohydrate, forms a central core to which several polyphenolic acid 

units are attached via ester bonds (Figure 14). 

 

Figure 14. Example of a hydrolysable tannin unit and the linkages present (e.g. 

pentagalloyl glucose structure linked via ester bonds). 
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Gallic acid (GA) is the most basic block attached to the core of the 

monomeric units. Gallic acid moieties can yield other derivatives such as 

hexahydroxydiphenic acid units (HHDP), via oxidative coupling of two 

or more molecules. In turn, the HHDP units can spontaneously lactonize 

to ellagic acid (EA) moieties upon hydrolysis96. In Figure 15, the 

transformation between the different polyphenolic acids, which can be 

present in hydrolysable tannins structure, is showed. 

 

Figure 15. Transformation between the main polyphenolic acids and derivatives 
present in the structure of hydrolysable tannins. 

The distinctive property of hydrolysable tannins is their ability to be 

fractionated hydrolytically into their elemental components97. This is due 

to their ester bonds, which are susceptible to break via hydrolysis under 

acidic and basic conditions. Thereby, they are usually classified into two 

main subcategories i.e. gallotanins and ellagitannins. 

• Gallotannins: they represent the simplest kind of hydrolysable 

tannins and consist of galloyl or digalloyl units linked to a polyol 

core. The hydroxyl groups of the core can be either completely or 

partially substituted by galloyl units76. They have the ability to 

yield gallic acid from the hydrolysis reaction. 

• Ellagitannins: this kind of tannins are characterized by having one 

to several HHDP units attached to a polyol core. Upon hydrolysis, 

ellagitannins are able to produce HHDP free units, which 

spontaneously turn into the dilactone (ellagic acid). 
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Another type of tannins recently considered within the literature is 

complex tannins. This kind of tannins is characterized by the presence of 

monomeric units of hydrolysable and condensed tannins98. They are 

composed of a gallotannin or ellagitannin moiety and a flavan-3-ol 

building block connected through a carbon-carbon linkage. This type 

represents a minority within the tannins family. A typical example of these 

compounds is accutisim A (Figure 16). 

 

Figure 16. “Accutisim A”, a typical example of complex tannins group. 

Phlorotannins are another type of tannins discovered in recent years. This 

group is prominently found in brown algae and is composed of 

phloroglucinol units (1,3,5-trihydroxybenzene). The research carried out 

recently on this group of tannins, has led to the structural elucidation of 

more than 150 compounds with a large range of molar masses between 

126-625000 g∙mol-1 99–101. Structurally phlorotannins form dehydro-

oligomers and polymers of phloroglucinol moieties linked via aryl-aryl 

(C-C) and diaryl ether bonds (C-O)102. Thus, they can be divided into 

different subgroups, according to the kind of linkage between the 

monomers (Table 7). 
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Table 7. Different types of phlorotannins regarding the linkages between units. 

Denomination Linkages Structure 

Fuhalol (a) 

Phloroethol (b) 
(-C-O-C-) 

 

Fucol (-CPh-CPh-) 
 

Fucophloroethol 
(-C-O-C-) + 

(-CPh-CPh-) 

 

Eckol (a) and 

carmalol (b) 
(-Caromatic-O- Caromatic-) 
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1.6.3 Tannins applications 

Historically the first tannins application was related to the tanning of 

leather. Nowadays, with the advances in the chemistry of tannins, their 

utilization has spread to a variety of fields of application: 

• Food industry: tannins have been used within this field lately, 

following the current trend towards the utilization of natural 

functional ingredients owing to the demand of consumers for 

cleaner labels. Thus, they are being employed in several food 

products and beverages, due to their appealing colour and health 

benefits103. Their more representative application relies on the wine 

industry and oenology, where they are utilized as additives during 

the process of fermentation104. 

• Medical industry: the utilization of tannins in medicine is not new, 

since some herbs whose active principles are astringent tannins 

have long been used for medicinal purposes. Their antioxidant 

nature is the main feature regarding their applications in this field. 

This is linked to the phenolic rings present in their structure, which 

can act as electron scavenger to trap different anions and radicals. 

Thus, tannins have proved interesting outcomes in several studies 

within this area due to their antimicrobial105, antibacterial106, anti-

inflammatory107, antimutagenic or anticarcinogenic108,109 

properties. 

• Chemical industry: Tannins have started to play a major role in this 

sector in the last years as a potential renewable source of products 

e.g. phenolic resins. In this respect, they can provide a good 

substituent of “greener nature” to phenol, thanks to their 

polyhydroxylated aromatic structure. As part of phenolic resins, 

diverse applications can be listed according to literature such as 

adhesives110 or foam products111 for insulation, heat exchange or 

adsorption purposes. They have also been used as reinforcement 

in biobased materials such as composites112. 
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This second chapter is devoted to the characterization of the 

lignocellulosic biomass from which the phenolic raw materials used, were 

extracted; as well as to the extraction and characterization of the specific 

phenolic raw materials used for the synthesis of the biosourced resins. The 

phenolic raw materials consists of lignins extracted from selected 

lignocellulosic biomass and tannins. The chapter is divided into three 

parts A, B and C. Part A is focused on the chemical characterization of the 

two lignocellulosic biomasses to assess their suitability as lignin source. 

The second part (B) is centered on the justification of the type of lignin, 

selected for further analyses, compared to the rest types of lignin available, 

the process of extraction of the lignin from the two different sources of 

biomass and finally the characterization of the lignins extracted. In the 

final part (C), the central topics are the argumentation about the selected 

type of tannins as phenolic raw material and the characterization of the 

mentioned tannins in terms of composition and reactivity. 

Part A. Characterization of the sources of 

lignocellulosic biomass selected 

A.1 Motivation 

The selection of the types of lignocellulosic biomass was based on the 

availability and significance of the raw materials. These points were 

assessed for the regions where this research was carried out, namely 

Basque Country (north Spain) and Landes (south France). Thereby, the 

raw materials chosen were almond shells (Spanish side) and maritime 

pine wood residues (French side). In this section, a chemical 

characterization of the mentioned biomass was performed to elucidate 

their composition and therefore evaluate their suitability as raw materials, 

especially as a source of lignin. 
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The almond shells employed were coming from almond trees (Prunus 

amygdalus)” and they were provided by local farmers of the nearby area. 

Concerning the maritime pine (Pinus pinaster) wood residues, they were 

composed of leftovers from wood industry activities such as small pieces 

of wood, parts of wood panels or wood chips. 

A.2 Experimental procedure 

The raw materials namely almond shells and maritime pine residues were 

pretreated prior to any characterization analysis. During the pretreatment 

the two types of lignocellulosic biomass were milled and sieved to particle 

size lower than 0.25 mm to assure an intimate contact with the reagents 

utilized and therefore proper characterization results (no over- or 

underestimations). Once both almond shells and the maritime pine wood 

residues had the desired size, they were subjected to moisture (TAPPI 

T264-cm-97), ethanol-toluene extractives (TAPPI T204-cm-97) and ashes 

(TAPPI T211 om-02) quantification. The elucidation of the insoluble lignin 

content was performed by quantitative acid hydrolysis with 72% H2SO4 

(TAPPI T222-om-98). Besides the hemicellulose and cellulose content were 

determined according to methods proposed by Wise et al., 1946 113 and 

Professor R. Rowell, 1984 114 respectively. All these characterization 

methods of the materials chemical composition are described in Annex I. 

A.3 Results and discussion 

Following the procedures mentioned above, the main parameters 

concerning the chemical composition of the two raw materials were 

determined. The results are shown next in table 8. 
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Table 8. Chemical composition on dry basis (% w/w) of the raw materials 

selected. 

Component 
Raw material 

Almond shells Maritime pine residue 

Cellulose 18.19±0.19 34.05±0.05 

Hemicellulose 35.99±1.23 18.07±0.22 

Lignin 31.24±0.29 30.36±0.68 

Extractives 3.11±0.32 5.40±0.14 

Ashes 0.81±0.09 0.32±0.11 

The composition of the almond shells was in general in accordance with 

the values of other works from the literature115,116. Nevertheless, some 

differences were observed derived from the characterization technique, 

the size of the material employed or the composition, which can vary from 

one year to another. In this study quantitative acid hydrolysis (TAPPI 

T249-em-85) was performed instead of other TAPPI norms used generally 

for wood characterization (since almond shells are not exactly woody 

materials). Moreover, in our work the almond shells were milled and 

sieved to a size small enough (0.25 mm) to assure the intimate contact with 

the reagents used in the characterization. The differences encountered, are 

especially marked in the lignin content (e.g. 31.24% compared to 52.59%). 

Such a big value for lignin can be derived from an overestimation of this 

component when the size of the particles of almond shells is not small 

enough to ensure full penetration of the characterization reagents. 

In the case of maritime pine wood residues, the values obtained for each 

component were within the ranges of other works117,118, without any 

significant divergences. 
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A4. Conclusions 

In both cases, it was seen that lignin is one of the major components 

concerning its abundance. The values represented around 30% of the 

sources of lignocellulosic biomass. This content of lignin, in addition to the 

local availability of these resources, was consistent with a favorable 

valorization of both raw materials as a source of lignin for further 

applications. 
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Part B. Lignin extraction and characterization 

B.1 Motivation 

A key point in lignin valorization is the method employed for its 

extraction. In this respect, several processes are utilized nowadays with 

this purpose, displaying different advantages and disadvantages. In this 

section, the distinct lignin extraction processes are first presented and the 

one selected for performing the lignin isolation is properly justified, 

highlighting its importance and advantages against the other processes. 

Furthermore, a case study of a multistage process for the lignin extraction 

is introduced. In the final part, a comparison is carried out for the single 

extraction process and the latter characterization between the lignins 

obtained from the two lignocellulosic biomass selected in the previous 

section. 

B.2 Background 

Traditionally lignin is produced as a by-product of the pulp and paper 

industry. Thereby the most common processes employed industrially for 

isolating lignin are Kraft and sulfite methods119. However, they exhibit 

some disadvantages derived from environmental aspects of the process 

and the heterogeneity of the extracted lignins. This has triggered a 

growing interest in the sulfur-free delignification processes such as 

organosolv, alkaline and ionic liquid pretreatments120. At this point, the 

above-mentioned processes are described with their main strengths and 

weak points. 
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B.2.1 Kraft process 

This is the most implemented pulping process industrially in the world121. 

Furthermore, it is responsible for the majority of the lignin produced in 

the industry (about 85% of the worldwide production)122. 

This chemical process consists in treating the wood chips at elevated 

conditions of temperature (140-170 ºC) and pressure with an alkali 

solution of sodium hydroxide (NaOH) and sodium sulfide (Na2S) known 

as white liquor123. The pulping reactions allow the solubilization of lignin 

in the pulping liquors. Due to reaction with the hydroxide and 

hydrosulphite anions, the lignin undergoes several structural changes 

such as the breakage of the ether linkages between units, which decreases 

its molecular weight; the increment of the condensed C-C bonds and 

phenolic hydroxyl groups124 and the introduction of thiol groups within 

its structure125. The lignin dissolved through this process leads to a so-

called black liquor, which is generally concentrated via evaporation and 

burned to recover heat and chemicals. The isolation of the Kraft lignin 

from the black liquor requires from its acidification by means of sulphuric 

acid (H2SO4) or carbon dioxide (CO2)126. As a result of that, the pH is 

lowered and the lignin precipitated. Then, it can be recovered by filtration 

and washed. The isolated Kraft lignin is reported to display a sulphur 

content, which ranges 1-3% (w/w)127. 

B.2.2 Sulphite process 

This treatment is based on the process patented by Tilghman in 1867 for 

the manufacture of paper, where wood was decomposed by means of 

sulphur salts and acids128. Currently, in the sulphite pulping process lignin 

reacts with sulphite (SO3-2) or bisulphite (HSO3-) ions yielding 

lignosulfonates as by-products129. The conditions of the pulping process 

can confer different properties to the lignosulfonates obtained. Generally, 

the treatment is performed at acidic pH (1-5) or neutral (5-7) and the 

cations mostly employed are sodium and calcium (Na+, Ca2+) but others 

can also be used such as magnesium or ammonium (Mg2+, NH4+)130. 
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During the process, the lignin undergoes two main reactions, namely 

sulphonation and hydrolysis131. As a result of these reactions sulfonate 

groups (SO3) are integrated into the lignin structure, which conduces to an 

increase of their solubility132. After the pulping, the lignosulfonates can be 

isolated from the spent liquor via filtration. 

Within this spent liquour, lignosulfonates account for 50-80% (w/w) but 

other components are present such as carbohydrates and residual 

chemicals133. For this reason, lignosulfonates usually display a high 

content of impurities (around 30%) and a wide distribution of molecular 

weights134. Concerning their average molecular weights, they are usually 

high and even higher than those of Kraft lignins125. 

B.2.3 Alkali process 

Alkaline treatment is the oldest pulping method135 and it is based on the 

employment of reagents of strong alkaline nature. Currently, it is 

implemented especially on non-woody biomass such as annual plants or 

agricultural residues. In this process, the biomass reacts with different 

alkali reagents at high temperatures and pressures136. Along alkaline 

treatment two main reactions are taking place, the dissolution of lignin 

and hemicellulose and the rupture of the ester linkages between moieties 

(saponification)137. The reagent most typically used is sodium hydroxide 

(NaOH), but other agents have been reported for performing this 

treatment such as sodium carbonate (Na2CO3), ammonium (NH4+), 

calcium hydroxide (Ca(OH)2) and hydrazine138,139. From the previous 

reagents, sodium hydroxide is generally used for being the strongest one. 

It allows the effective cleavage of lignin-carbohydrate linkages, the ester 

bonds previously commented and the condensed carbon linkages 

between lignin units139. The lignins isolated by this method display the 

advantage of being sulphur free. Nevertheless, they can present a high ash 

content derived from the presence of soda in the reaction124. 
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B.2.4 Ionic liquids process 

This type of process is receiving a great deal of attention lately. It is based 

on the utilization of ionic liquids as solvents for the treatment of the 

biomass and isolation of the lignin. The ionic liquids are a novel kind of 

solvents composed of ions with favorable conditions such as low melting 

point (below 100 ºC), high polarity and thermal stability and insignificant 

vapor pressure140. 

During the reaction, the ionic liquids are said to compete for the H linkages 

with the other components, thus breaking the lignocellulosic network141. 

With this process, a high purity lignin can be extracted from the biomass 

by properly selecting the ionic liquid. Moreover, the lignins extracted are 

also sulphur-free and the solvent can be recovered and reused, reducing 

the volume of wastes during the process142. Nonetheless, they display 

some disadvantages such as their high cost and the difficulty of 

implementing the recovery and recycling processes143. 

B.2.5 Organosolv process 

Organosolv extraction method is an efficient technique for delignification 

based on the employment of a mixture formed by an organic solvent and 

water144. The most typical organic solvents are alcohols (methanol or 

ethanol) or organic acids (formic and acetic acid)123. The pretreatment can 

be carried out at a broad range of temperatures (100-250 ºC) and high 

pressure. During the process, the lignin is solubilized into the solvent and 

the washing liquor and then it can be precipitated by lowering the pH. 

Several reactions are generally occurring during this pretreatment. The 

most relevant for lignin extraction, is the hydrolysis of the lignin-

hemicellulose linkages and internal lignin bonds via cleavage of the 4-O-

methylglucuronic acid ester bonds, as well as α− and β-O-aryl ether 

linkages145. It is known that the cleavage of these aryl ether bonds is 

responsible for the breakdown of lignin. The α-O-aryl ether linkages are 

separated more easily, while the β-O-aryl ether linkages need more severe 

conditions146. 
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Through this solubilization, lignin and lignin-carbohydrate compounds 

(in lower extent) can be precipitated from the liquid phase whereas 

cellulose and some hemicellulose remain in the solid residue.  

Table 9. Advantages of the organosolv-lignin-extraction process against the rest 

of the processes. 

Extraction processes Comparison points 

Organosolv 

processes 

Kraft processes 

Organosolv process is sulphur-free 

avoiding air and water pollution. 

A green solvent can be employed in 

organosolv process. 

The purity of the lignins obtained is 

higher in the organosolv process. 

The organosolv lignins present 

lower molecular weight and higher 

hydrophobicity. 

Sulphite 

processes 

Alkali processes 

Organosolv process yields high 

purity lignins avoiding the 

significant salt amount formed in 

alkali process. 

The water consumption in 

organosolv process is lower. 

Ionic liquids 

processes 

The recovery of the lignin and the 

regeneration of the ionic liquid is 

difficult and presents a high cost. 

The organosolv process provide an 

easier and less expensive recovery of 

the solvents by means of evaporation 

and condensation. 

Sources: Fernandez et al., 2019 123; Chaturvedi and Verma, 2013 147; Kumar and Sharma, 2017 143; 

Lora and Glasser, 2002 148. 
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The Organosolv pulping is generally considered more efficient and 

environmentally friendly compared to other methods such as Kraft and 

Sulphite processes but it also displays several advantages against Sulphur-

free methods like Alkali or Ionic liquid processes (table 9). Furthermore, it 

is the most effective alternative to extract lignin without altering its native 

structure149. Taking into account the previous points, the process selected 

for performing the lignin extraction from the lignocellulosic biomass was 

the organosolv pretreatment. 

B.3 Case study: sequential multistage organosolv 

extraction process 

In this part, a case study following the implementation of a multistage 

organosolv system composed of three sequential extraction stages is 

shown. The purpose of this process was the study of the maximization of 

the lignin extraction yield. The lignins obtained from each extraction stage 

were characterized to evaluate if significant chemical or structural changes 

existed between them. The proposed system was first applied to the lignin 

extraction from the almond shells to assess (on the base of the results) if it 

could be extrapolated to the other source of lignocellulosic biomass. 

B.3.1 Experimental procedure 

In the following points, the reagents and equipment employed in the 

implementation of the process are detailed along with the presentation of 

the multistage process and the description of the parameters (solvent, 

temperature, pressure, time etc.) selected for the organosolv extraction. 
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B.3.1.1 Raw materials and equipment 

The almond shells employed were the same presented in section A1 of this 

chapter. These almond shells were crushed and sieved by means of a 

Retsch Hammer mill SM-100 to chips with a size lower than 1 cm prior to 

the extraction process. Thus, impurities such as little stones, soil or dust 

could be removed. The chemical reagents employed for the extraction 

process and chemical assays were kindly supplied by Sigma-Aldrich. 

B.3.1.2 Process set up 

A multi-step extraction process was developed to maximize the 

delignification of the almond shells. Thereby three sequential organosolv 

pulping cycles were carried out resulting in highly pure lignins from each 

cycle. The diagram displayed in figure 17 show the different streams 

derived from the process. In the first cycle (C1), the almond shells (AS) 

underwent organosolv pulping process yielding two different streams i.e. 

black liquor (BL1) and almond shells pulp (ASP1) from the first cycle. The 

former was used for the precipitation of the lignin from the first cycle (L1) 

whereas the almond shells pulp (ASP1) was employed as raw material for 

the second cycle (C2). In this second cycle, the almond shells pulp (ASP1) 

went through another organosolv pulping process. Again, two separate 

products were obtained namely black liquor (BL2) and almond shells pulp 

(ASP2) from the second cycle. The lignin from the second cycle (L2) was 

anew precipitated from the black liquor (BL2) and the almond shells pulp 

(ASP2) was utilized as the starting material from the third cycle (C3). This 

last cycle was implemented analogously to the previous ones resulting in 

black liquor (BL3) and precipitated lignin (L3) from the third cycle and 

almond shells pulp (ASP3). 
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Figure 17. Diagram representing the process set up of the multistage system for 

the organosolv extraction of lignin. 

B.3.1.3 Organosolv extraction process 

The organosolv process used in each stage of the system to extract the 

lignin is described next. The process was carried out employing a mixture 

of ethanol/water (70:30 v/v) at 200 ºC for 90 minutes with a ratio solid to 

liquid 1:6. It was implemented in a 1.5 L stainless steel Parr Reactor under 

constant agitation. The liquid phase was separated from the almond shells 

pulp remaining via filtration. This pulp was washed several times with a 

mixture of ethanol/water and dried at 50 ºC until all the moisture was 

removed. The liquid phase (black liquor) went through a precipitation 

step to extract the dissolved lignin. The procedure was done using two 

volumes of acidified water (pH around 2) per volume of black liquor 

obtained. The suspension was left to settle overnight to allow better lignin 

precipitation. After that, the precipitated lignin in suspension was filtered 

using polyamide filters (0.22 µm pore size) under vacuum and washed 

with distilled water until neutral pH was achieved. Finally, the recovered 

lignin was dried at 50 ºC for three days. 

B.3.1.4 Characterization methods 

As presented in section A for the two sources of lignocellulosic biomass, 

here the chemical composition of the solid pulps remaining after each 

stage was determined (cellulose, hemicellulose, lignin, extractives, and 

ashes). 
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The methods used were also based on the TAPPI standards and they are 

described in the corresponding sections of Annex I. For the 

characterization of the liquors and the lignins obtained from each stage of 

the system several methods were employed, which are described in the 

Annexes II and III and summarized in table 10. 

Table 10. Characterization methods used for the analysis of the chemical 

composition of the liquors and lignins and their structure 

Component Analysis Technique Annex Section 

Liquor 

Physical-
chemical 
parameters 

pH 

Density 
Annex II 

II.1.1 

II.1.2 

Composition 
TDSA, ICB, 
OCC, LCD 

II.2 

Lignin 

Chemical 
composition 

Klason lignin 

Annex III 

III.1.1 

Acid soluble 
lignin 

III.1.2 

Ashes III.1.3 

Carbohydrates III.1.4 

Total hydroxyl 
groups 

Folin 
Ciocalteau 
assay 

III.2 

Molecular 
weight 

HPSECE III.3 

Structural units 
(S/G ratio) 

Py-GC/MSF III.4 

Thermal 
properties 

TGAG III.5 

ATDS: total dissolved solids, BIC: inorganic compounds content, COC: organic compounds 

content, DLC: lignin concentration, EHPSEC: High-performance size exclusion 

chromatography, FPy-GC/MS: Pyrolysis-gas chromatography/Mass spectrometry 

analysis and GTGA: Thermogravimetric analaysis. 
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B.3.2 Results and discussion 

Here are presented the main results from the previous experiments, to 

assess the changes in the composition of the starting materials (almond 

shells and pulps) and the liquors; as well as the structural characteristics 

of the lignins extracted. 

B.3.2.1 Chemical composition of the raw materials 

The characterization of the raw materials used in the subsequent 

extraction stages was performed to know their initial composition. The 

results are enclosed in Table 11 and presented in terms of percentages of 

cellulose, hemicelluloses, lignin, extractive and ashes. 

Table 11. Initial composition of the raw material utilized in this work and the 

pulps remaining after each extraction step. 

 Cellulose 

(%) 

Hemicelluloses 

(%) 

Lignin 

(%) 

Extractives 

(%) 

Ashes 

(%) 

AS 18.19±0.19 35.99±1.23 31.24±0.29 3.11±0.32 0.81±0.09 

ASP1 42.97±0.61 29.21±0.33 15.97±0.78 4.42±0.41 ND(A). 

ASP2 48.06±0.75 23.83±0.41 15.02±0.63 1.68±0.21 ND(A) 

ASP3 48.63±1.27 22.15±0.26 14.85±0.40 0.93±0.05 ND(A) 

(A)ND: not detectable 

As can be observed in the previous table, the content of the different 

components in the almond shell pulps (ASPs) varied substantially from 

that of the raw material. Indeed the content of the two main components 

(hemicelluloses and lignin) was considerably reduced. In the case of 

hemicellulose, such a decrease was caused by the harsh conditions of 

pressure and temperature employed, which led to its degradation. On the 

other side, the lignin reduction was expected since it was the goal of the 

organosolv treatment. Regarding to the content of cellulose and 

extractives, an increasing tendency was observed. Nonetheless, the 

content of the former underwent a substantial boost whereas the 

percentage of the latter grew slightly. 
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These rises do not imply that the amounts of cellulose and extractives were 

bigger in the ASPs than in AS but that they diminished less than 

hemicellulose and lignin contents. This is confirmed in the mass balance 

afterwards. 

When comparing the content of the different components in the ASPs, two 

clear tendencies could be regarded. On the one hand, the content of 

cellulose was increasing, mainly from the ASP1 to the ASP2. On the other 

hand, the content of the rest of the components tended to decrease. The 

content of ashes in the ASPs was negligible and therefore it was too low to 

be detected. 

B.3.2.2 Efficiency of the process extraction cycles 

The effectiveness of the different cycles was assessed in terms of lignin 

extraction yields (overall, relative, total amount extracted yield) and yields 

of ASPs (Table 12). 

Table 12. Parameters for the evaluation of the efficiency of the different extraction 

cycles 

Cycle Overall 

yieldA 

(% w/w) 

Relative 

yieldB 

(% w/w) 

ASP 

yieldC 

(% w/w) 

Total amount of 

lignin extractedD 

(% w/w) 

C1 16.75±0.29 79.95±1.16 39.21±0.79 79.95±1.16 

C2 3.27±0.14 27.14±1.52 77.43±1.12 85.39±0.72 

C3 0.96±0.09 15.86±2.75 85.05±2.19 87.73±0.34 

(A)– Amount of lignin extracted related to the mass of used biomass 

(B)- Amount of lignin extracted related to the lignin content in the biomass used 

(C)- Amount of pulp remaining after each extraction cycle 

(D)- Percentage of lignin extracted after each cycle related to the initial amount of lignin 

in biomass 

From the previous results, it can be observed that high extraction yields 

were obtained in the first cycle, whereas lower efficiencies were achieved 

in the second and third ones. The reason for that was that after each 

extraction cycle the amount of lignin available was lower and therefore 

less lignin could be extracted. 
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On the contrary, the yields of ASP were increasing as the cycles passed by, 

owing to the reduction of the pulp solubility. These two tendencies were 

interrelated and hence, the fact that in each cycle less amount of pulp was 

dissolved, resulted in less amount of lignin transferred from the pulp to 

the liquor and therefore less amount of lignin recovered. After the three 

consecutive extraction cycles, 87.73% of the total lignin present in the 

almond shells at the beginning was recovered. This yield was comparable 

to that obtained in a precedent work (89.40%)119. 

B.3.2.3 Mass balance of the process 

Once the chemical characterization of the raw material and pulps was 

known and their yields elucidated, a mass balance of the whole system 

was carried out. Thereby, the variations in the amounts of different 

components through the cycles could be monitored. The mass balance was 

based on the quantity of almond shells fed into the reactor at the beginning 

of cycle 1 (100 g). The results of the mass balance are presented in table 13. 

Table 13. Mass balance of the whole process of organosolv delignification of the 

almond shells presented by steps. 

 Cycle 

Initial 

amount 

(g) 

Amount 

dissolved 

(%) 

Cellulose 

(g) 

Hemicellulose 

(g) 

Lignin 

(g) 

Extractives 

(g) 

Ashes 

(g) 

AS  100  18.19 35.99 31.24 3.11 0.81 

 C1  60.79      

ASP1  39.21  16.85 11.45 6.26 1.73 N.Da 

 C2  22.57      

ASP2  30.36  14.59 7.23 4.56 0.51 N.Da 

 C3  14.95      

ASP3  25.82  12.55 5.71 3.83 0.24 N.Da 
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In regards to these data, it was proved that the majority of the lignin was 

extracted after the first cycle. Similar to lignin, more than half of the 

hemicellulose amount was degraded in this stage. On the other hand, the 

amount of cellulose remained almost intact between AS and ASP1. 

Considering these previous tendencies, it can be explained the great 

increase in cellulose percentage displayed in Table 11. 

The reason for that was that the amounts of hemicellulose and lignin 

decreased highly after the first extraction cycle and hence cellulose became 

the major component in the pulps. Concerning the second extraction cycle, 

it was not as effective as the first one to extract lignin. Thereby, no big 

differences were encountered in the composition between ASP1 and 

ASP2. The bigger reduction was regarded in the hemicellulose content, 

although again it was much lower than that of the first cycle. This was a 

result of pulp degradation, owing to the high temperature and pressure 

underwent during the extraction. The amount of the rest of the 

components slightly decreased, because of these conditions. The third 

cycle showed only a small reduction in the extraction efficiency for all the 

components. The reason for this loss of efficiency compared to the other 

cycles was that the pulp was already too degraded and saturated from the 

previous extraction processes at such severe conditions. Regarding the 

total extraction of the different components, lignin (which was recovered) 

and hemicellulose were majorly extracted by the end of the third stage. On 

the other hand, the amount of cellulose did not go through a significant 

change, since almost 70% of the initial content remained after the whole 

extraction process. 

B.3.2.4 Liquors characterization 

The main physical-chemical parameters of the liquid fraction obtained 

from the delignification processes were assessed and summarized in table 

14. 
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Table 14. Parameters for the chemical characterization of liquors: pH, density, 

total dissolved solids (TDS), organic compounds (OC), inorganic compounds (IC) 

and lignin content in the liquor (LC) 

 pH 
Density 

(g/cm3) 

TDS 

(%) 

IC 

(%) 

LC 

(g/L) 

Liquor C1 4.09±0.03 0.89±0.00 6.62±0.18 ND(a) 35.17±0.32 

Liquor C2 4.29±0.01 0.86±0.00 2.20±0.10 ND(a) 8.34±0.38 

Liquor C3 4.27±0.01 0.88±0.00 1.13±0.19 ND(a) 2.29±0.33 

The values of the pH and density were similar for all the liquor samples 

since the conditions used in each stage of the almond shells delignification 

were the same. Concerning the TDS and LC, a reduction was observed 

from the liquor C1 to the liquor C3. It must be noted that the TDS content 

was almost completely associated with the OC content since no inorganic 

matter was detected in the liquors. Focusing on the OC and LC contents it 

was concluded that both parameters were highly related since it was 

expected that the lignin in the liquor accounted for the majority of the 

organic compounds. For this reason, both parameters were reduced after 

the sequential extractions. The main reduction was observed between the 

first and the second extraction cycle (from 35.17 to 8.34 g∙L-1). This was in 

agreement with the reduction of the lignins extraction yields mentioned in 

the previous part (especially between the two first delignification steps). 

Thus, as the lignin content in the liquor, was dramatically diminished 

there was a lower amount of lignin available to be extracted resulting in a 

much lower yield. 

B.3.2.5 Lignins characterization 

Within this part are presented the results from the different analyses 

carried out for the lignins extracted (chemical composition and structure). 

Chemical composition of lignins 

The characterization of all the lignin samples was determined for 

elucidating their chemical composition (Table 15). 
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Table 15. Parameters measuring the chemical composition of lignin samples: 

klason lilgnin (KL), acid-soluble lignin (ASL), total sugars (TS) and ashes. 

 
KL 

(%) 

ASL 

(%) 

TS 

(%) 

Glucose 

(%) 

Xylose 

(%) 
Ashes 

L1 89.30±0.44 2.18±0.25 1.49±0.18 --- 0.98±0.18 4.04±0.49 

L2 92.07±0.89 2.05±0.80 1.62±0.07 --- 1.62±0.07 3.59±1.31 

L3 89.14±1.51 1.38±0.03 3.83±0.05 2.15±0.05 1.68±0.04 3.69±0.69 

The different lignin samples showed high KL percentage and therefore 

high purity (≈ 90%), as was expected for organosolv lignins150. The values 

were similar and within a narrow range, since they were extracted from 

the same feedstock under analogous circumstances. This implies that 

sequential extraction process did not jeopardize the purity of the lignins 

extracted. Respecting the acid-soluble lignin content, the values tended to 

decrease slowly from extraction stage to extraction stage due to the 

delignification processes. On the other side, the sugar content in the lignin 

samples (impurities) was low proving once more their high purity. This 

sugars are referred to as lignin carbohydrate complexes (LCC), which can 

be formed by means of non-covalent interactions and oxidative reactions 

between lignin and polysaccharides151. The mentioned content of sugars 

increased following the delignification processes. The reason for that was 

that the lignins from the different steps were gradually becoming more 

condensed and with stronger linkages. Thus, the removal of the remaining 

carbohydrate-based impurities was hindered as the stages went by. 

Despite these facts, the percentage of sugars in all the lignin samples 

remained at low values (<5%). Xylose was the main sugar from the 

hemicellulose fraction found in the lignins. This was in agreement with 

that reported by Gordobil et al., 2014152. This trend was not observed in the 

lignin from the last extraction cycle, which had a higher amount of 

glucose. In this case, the bigger presence of glucose could indicate that at 

the last stage some cellulose was removed from the ASP. The harsh 

conditions underwent by the pulp sample after 3 cycles, would have 

caused the dissolution of cellulose along with the lignin.  
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High performance size exclusion chromatography (HPSEC) 

Through this technique, the main parameters measured were the average 

molecular weight, number average molecular weights and polydispersity 

index (Table 16). 

Table 16. Variation of the average molecular weight (Mw), number average 

molecular weights (Mn) and polydispersity index (Mw/Mn) of lignins. 

 Mw (g/mol) Mn (g/mol) Mw/Mn 

L1 6371 1286 4.96 

L2 6606 1491 4.43 

L3 6730 1775 3.79 

As shown in the previous table no significant differences were observed 

between the lignins concerning their average and number average 

molecular weights. The values were low and within the typical range of 

organosolv lignins144. Nevertheless, they slightly increased following the 

successive lignin extraction steps. This tendency might point out that at 

the beginning, the lignin structure was more branched and the linkages 

were broken more easily. Therefore, the remaining fragments had a bit 

lower molecular weight. However, as the delignification stages moved 

forward, the lignin structure became more condensed and the linkages 

were more difficult to break leading to a slightly higher molecular weight 

lignin. 

Respecting to the polydispersity index, the tendency was the opposite to 

that of the molecular weights. This could be because the lignins obtained 

in the final stages had a more condensed structure owing to the increase 

of the C-C bonds. 
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Total Hydroxyl content (Folin-Ciocalteau Assay) 

The quantification of the relative content of hydroxyl groups in the 

different lignin samples was done using the Folin Ciocalteau assay. 

This is important, since the content of hydroxyl groups is reported to be a 

good indicator of the reactivity of the lignins153, providing a point of 

comparison between them concerning their potential applications. The 

results were calculated in terms of concentration of gallic acid equivalents 

(GAE), percentage of gallic acid equivalents (%GAE) and percentage of 

hydroxyl groups (%OH) and were presented in Figure 18. 

 

Figure 18. Variation of the different parameters calculated for the phenolic 
content of the lignin samples. 

The values obtained for the previous parameters were comparable to those 

reported in other works in the literature for organosolv lignins154,155. 

Besides, it was observed that these parameters were decreasing following 

the sequential delignification steps. This fact would indicate a degradation 

of the phenolic compounds owing to the extraction steps at harsh 

conditions. The reduction of hydroxyl groups proved as well that the 

lignins extracted after the consecutive cycles presented a more condensed 

structure. On the contrary, the higher content of hydroxyl groups in the 

lignin extracted in the first cycle compared to the others highlighted its 

higher reactivity. 
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Analysis of lignin composition by Py-GC/MS 

The pyrolysis analysis yielded a huge and heterogeneous number of 

compounds (phenols, acids, esters and ketones), from which the phenolic 

ones were the most abundant group. Phenols are related to the lignins 

reactivity and they can play an important role in potential applications. 

For this reason, special focus was put on this group and they were 

properly evaluated. The mentioned phenols were classified into different 

subcategories, depending on the substituents as reported by Chen et al., 

2015156. 

Thereby five groups of compounds namely benzene type (B), phenol type 

(P), catechol type (C), guaiacol type (G) and syringol type (S) were defined. 

The identification and characterization of the main phenolic compounds 

and derivatives produced during the pyrolysis is included in Table 17. 

Table 17. Compounds identified and quantified in the different lignin samples 

Molecule m/z Origin 
Retention 

time (min) 

Content (%) 

L1 L2 L3 

Styrene 104/103/78 B 5.894 0.02 --- --- 

Phenol 95/66/65 P 7.361 0.16 0.12 0.07 

4-methyl-Phenol 108/107/77 P 8.908 0.2 0.13 0.08 

Guaiacol 109/124/81 G 9.209 1.82 1.53 0.89 

4-Ethyl-phenol 107/122/77 P 10.556 0.2 --- --- 

4-Methyl-Guaiacol 138/123/95 G 11.23 2.28 1.74 1.39 

Catechol 110/64/81 C 11.397 0.13 --- --- 

3-methoxy catechol 140/125/97 C 13.124 0.47 0.35 0.25 

4-ethyl guaiacol 137/152/122 G 13.615 1.02 0.55 0.47 

4-vinylguaiacol 150/135/107/77 G 14.834 3.21 4.06 2.5 

p-allyl phenol 134/133/107 P 15.55 0.07 0.06 0.02 

Syringol 154/139/111/96 S 15.908 3.6 2.85 1.62 

Eugenol 164/149/131/77 G 16.035 0.79 0.74 0.46 

4-Propylguaiacol 137/166/122 G 16.266 0.31 0.16 0.12 

Vanillin 151/152/81 G 17.086 1.71 2.02 1.23 

cis-isoeugenol 164/149/77/131 G 17.225 0.48 0.41 0.23 

4-methyl syringol 168/153/125 S 18.114 8.01 3.32 2.58 
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From the previous results it was seen that the amount of phenolic 

compounds identified and quantified in the L1 and L2 was similar (small 

reduction from 57,18% L1 to 53,29% L2). Nevertheless, the relative content 

of phenolic units identified in the L3 was much lower compared to the 

previous ones (decrease from 53,29% L2 to 33,37% L3). 

 

Molecule m/z Origin 
Retention 

time (min) 

Content (%) 

L1 L2 L3 

trans-eugenol 164/149/77/103 G 18.097 --- 3.52 1.4 

4-Propylguaiacol 137/166/122 G 18.299 0.19 0.84 0.61 

acetoguaiacone 151/166/123 G 18.825 0.82 1.34 0.77 

4-ethyl syringol 167/182/168/77 S 19.489 1.71 1.05 0.81 

Guaiacyl acetone 137/180/122 G 19.604 0.92 0.46 0.889 

4-vinylsyringol 180/137/165 S 20.147 4.2 5.1 2.93 

Propioguaiacone 151/180/123 G 20.413 0.53 0.48 --- 

4-allylsyringol 194/91/119 S 20.696 1.66 1.4 0.68 

4-Propylsyringol 167/196//168 S 20.777 0.67 --- --- 

cis-4-allylsyringol 194/91/179 S 21.377 1.59 1.4 0.85 

syringaldehyde 182/181/167 S 21.568 3.08 3.02 1.79 

trans-4-allylsyringol 194/91/179 S 22.082 8 8.75 4.12 

Acetosyringone 181/196/153 S 22.498 3.22 3.11 1.85 

Syringylacetone 167/210/168 S 22.931 2.07 2.64 1.74 

Propiosyringone 181/210/182 S 23.543 1.66 1.37 --- 

Synaphaldehyde 208/165/137 S 25.212 --- --- 2.71 

Synapaldehyde 208/165/137 S 25.535 2.4 --- --- 

Total benzene derivatives 0.02 --- --- 

Total phenol derivatives 0.63 0.31 0.17 

Total catechol derivatives 0.6 0.35 0.25 

Total guaiacyl derivatives 14.08 17.85 10.95 

Total syringyl derivatives 41.87 34.78 21.99 

Ratio S/G 2.97 1.95 2.01 
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Concerning the different phenolic groups, it could be remarked that no 

considerable amount of benzene derivatives was found in the different 

lignin samples. Phenol and catechol derivatives presented comparable 

contents and tendencies. In respect to guaiacyl and syringyl derivatives, 

there was a global reduction following the consecutive delignification 

steps. Besides the content of syringyl type compounds was higher than the 

guaiacyl one in all the lignin samples, yielding S/G ratios higher to one. 

Considering this point, it was concluded that despite being a non-woody 

lignin source, almond shells could be considered as a hardwood, since the 

selectivity to syringyl type units was higher than that of guaiacyl ones157,158. 

On the other side, the highest S/G ratio was obtained for the L1, whereas 

the L2 and L3 ones were lower and similar. This was in accordance with 

the work by Lourenço et al., 2012159 who reported that the syringyl-rich 

lignins were more easily cleaved and solubilised. Moreover, since high 

S/G ratios were known to induce high lignin reactivity160, L1 was said to 

be the more reactive. In addition to that, the fact that the L2 and L3 showed 

lower S/G ratios than L1, confirmed the more condensed structure of those 

lignins as reported by Sun et al., 2016161. Finally when comparing L2 and 

L3 samples the latter was said to have a more condensed structure because 

the selectivity to phenolic derivatives after pyrolysis presented a strong 

reduction. 

Thermogravimetric analysis (TGA/DTGA) 

The thermal stability of the different lignins and their decomposition was 

studied and thus the thermogravimetric (TG) and the first derivative 

thermogravimetric (DTG) curves were determined and presented in 

figures 19A and 19B. 
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Figure 19. Thermogravimetric (A) and derivative thermogravimetric (B) curves 
for the lignins extracted from the different cycles. 

Figure 19A showed that the degradation of the lignins took place 

throughout a broad range of temperatures, due to the complexity of their 

structure162. This was also explained by the fact that lignins presented 

several functional groups containing oxygen, which have different 

thermal stabilities163. Consequently, the degradation of the lignins 

occurred through several stages. The first weight loss was due to the 

moisture evaporation of the lignins below 100 ºC164. A second stage was 

regarded within the range 325-400 ºC related to the cleavage of ether inter-

units linkage165, which constituted the main degradation step. Following 

that, the split of the aliphatic side chains and other structural units occurs 

as well166. Finally, at 800 ºC a char residue remained because of the 

rearrangement of lignin structure at high temperatures. Figure 19B 

showed that lignins decomposition presented a wide peak due to their 

polydispersity. Indeed, it was noted that the wideness of the peak was 

decreasing as lignin sequential extraction moved forward. This was in 

agreement with their polydispersity, which was also decreasing from L1 

to L3. The thermal stability of the samples was evaluated by several 

parameters presented in Table 18, namely initial degradation temperature 

(T5%), maximum degradation temperature (Tmax) and char residue 

remaining at the final temperature. 
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Table 18. Thermogravimetric parameters of the different lignin samples 

 T5% (ºC) Tmax (ºC) Residue at 800ºC (wt.%) 

L1 221.97 385.82 38.73 

L2 212.50 379.52 42.35 

L3 208.91 363.48 42.68 

It can be seen from these results that the L1 and L2 presented similar 

behavior concerning the initial and the maximum degradation 

temperatures and higher than L3. However, all these temperatures were 

within a narrow range, showing that all the different lignins presented a 

similar thermal behavior. Regarding the char residue remaining, the 

percentages of L2 and L3 were similar and higher compared to the L1. 

B.3.3 Conclusions 

The implementation of a multistage-organosolv-extraction system with 

three sequential stages was carried aiming at the enhancement of the 

extraction yield. In this respect, it was observed that a significant 

extraction efficiency was achieved after the first cycle (≈80%). Nonetheless, 

the extraction effectiveness of the second and third cycles was low and in 

the end, the total extraction yield was only improved to 87%. On the other 

hand, the lignins extracted from each cycle did not display considerable 

divergences in terms of structure or composition (similar purities and 

molecular weights). Moreover, the thermal properties of the lignins were 

analogous. It can only be remarked a decreased in the amount of hydroxyl 

groups and phenolic derived units (lower S/G ratios) as the delignification 

stages moved forward. These facts result in a decrease of the lignin 

reactivity from that of the first cycle (L1) to the others (L2 and L3). It was 

also considered the fact that the structure of the lignin became slightly 

more condensed as the extraction steps went by. 
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Consequently, it was concluded that the implementation of the 

multistage-organosolv-extraction system dids not provide any significant 

advantage neither in terms of extraction efficiency nor in terms of lignins 

with a more suitable structure of composition. Therefore, it was decided 

that a single-stage organosolv extraction process would be sufficient to 

obtain lignins with suitable extraction yield and interesting properties for 

further applications. 

B.4 Single-stage-organosolv extraction process 

and characterization of lignins 

In this section, the process of extraction of lignin from the two 

lignocellulosic biomass sources is evaluated. Moreover, the lignins 

obtained from both sources of biomass are comprehensively analyzed and 

compared concerning their main structure characteristics. 

B.4.1 Experimental procedure 

In the following subsections, the raw materials and apparatus used during 

the extraction are detailed, as well as the single-stage-extraction of lignin 

and the techniques of analysis employed for the characterization of the 

lignins. 

B.4.1.1 Raw materials and equipment 

The raw materials employed were the almond shells and the maritime 

pine residues already presented, which were described in section A1 of 

this chapter. In both cases, the residues were milled and sieved to chips of 

5 mm prior to the isolation of the lignins. The reactor used in the process 

of delignification was the same depicted in section B.3.1.1. 
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B.4.1.2 Organosolv extraction process 

The organosolv pretreatment used for the lignin extraction was analogous 

in terms of reaction conditions (pressure, temperature, time, etc.) and 

procedure to that introduced in section B.3.1.3. Nevertheless, contrary to 

the case study, this time a single-stage-extraction process was 

implemented for the source of biomass. 

B.4.1.3 Characterization methods 

The lignins extracted from the two different sources of biomass were 

characterized by means of the techniques of analysis displayed in Table 

19. 

Table 19. Characterization methods used for the analysis of the chemical 

composition of lignins and their structure. 

Component Analysis Technique Annex Section 

Lignin 

Chemical 
composition 

Klason lignin 

Annex 
III 

III.1.1 

Acid soluble lignin III.1.2 

Ashes III.1.3 

Carbohydrates III.1.4 

Molecular 
weight 

HPSECA III.3 

Structural units 
(S/G ratio) 

Py-GC/MSA III.4 

Thermal 
properties 

TGAC III.5 

Chemical 
structure 

FTIRD III.6.1 

1H-NMRE III.6.2 

AHPSEC: High-performance size exclusion chromatography, BPy-GC/MS: Pyrolysis-gas 

chromatography/Mass spectrometry analysis and CTGA: Thermogravimetric analysis, 
DFTIR: Fourier Transformed Infrared Spectroscopy analysis, E 1H-NMR: Proton Nuclear 

Magnetic Resonance Spectroscopy analysis. 
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B.4.2 Results and discussion 

The main outcomes derived from the lignin extraction and 

characterization and their analysis are presented in the next points. 

B.4.2.1 Chemical composition of the lignins 

The main chemical characteristics of the lignin isolated from the almond 

shells (LAS) and maritime pine residues (LMP) are displayed in the 

following table. 

Table 20. Major parameters regarding the chemical composition of the 

lignins. (KL: klason lignin, ASL: acid-soluble lignin and TS: total sugars) 

Source 
KL 

(%) 

ASL 

(%) 

TS 

(%) 

Ashes 

(%) 

Almond shells 89.30±0.44 2.18±0.25 1.49±0.18 4.04±0.49 

Maritime pine 90.69±0.60 1.98±0.18 0.98±0.06 4.80±0.23 

It can be seen from the previous table that both lignins presented similar 

compositions, since they were extracted using the same process and 

conditions. The content of insoluble lignin (KL) in both cases was high and 

in the typical range of organosolv lignins reported in literature167,168. This 

highlights the high purity of the lignins isolated by this pretreatment. 

Concerning the sugar content, both displayed low values, a bit higher in 

the case of almond shells. The amount of inorganic compounds was 

slightly high (4-5%). This behavior has also been observed in another work 

by Fernández-Rodríguez et al., 2017 119 for almond shells organosolv lignin 

(≈4%). This ash content may be due to some remaining sulphurous salts 

from the acidified water used to precipitate the lignin, which was not 

washed completely after the filtration. 

B.4.2.2 Analysis of the composition of the lignins via Py-GC/MS 

The two lignins extracted, namely LAS and LMP, were analyzed by means 

of Py-GC/MS analysis, to determine the different types of phenolic 

moieties yielded after pyrolysis. In Table 21 the phenolic derivatives, 

originated are displayed. 
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Table 21. Compounds identified and quantified in the different lignin samples 

subjected to pyrolysis 

Molecule m/z Origin 

Retention 

time 

(min) 

Content (%) 

LAS LMP 

Toluene 91/92/65 B 4.081 --- 0.88 

Ehtylbenzene 91/106/65 B 5.518 --- 0.12 

Styrene 104/103/78 B 5.894 0.02 0.32 

Phenol 95/66/65 P 7.361 0.16 0.35 

2-methyl-Phenol 107/108/78 P 8.683 --- 0.50 

4-methyl-Phenol 108/107/77 P 8.908 0.20 1.04 

Guaiacol 109/124/81 G 9.209 1.82 4.46 

2,4-dimethyl-phenol 107/122/121 P 10.341 --- 1.01 

4-Ethyl-phenol 107/122/77 P 10.556 0.20 0.21 

4-Methyl-Guaiacol 138/123/95 G 11.230 2.28 17.64 

Catechol 110/64/81 C 11.397 0.13 --- 

2,4,6-trimethyl phenol 121/136/91 P 12.198 --- 0.18 

3-methoxy catechol 140/125/97 C 13.124 0.47 0.20 

3-methyl catechol 124/78/123 C 13.153 --- 1.96 

4-ethyl guaiacol 137/152/122 G 13.615 1.02 3.41 

4-vinylguaiacol 150/135/107 G 14.834 3.21 7.98 

p-allyl phenol 134/133/107 P 15.55 0.07 --- 

Syringol 154/139/111 S 15.908 3.6 --- 

Eugenol 164/149/131 G 16.035 0.79 --- 

Allylguaiacol 164/77/103 G 16.272 --- 3.26 

4-Propylguaiacol 137/166/122 G 16.266 0.31 1.00 

Ethyl Catechol 123/138/91 C 16.797 --- 1.51 

Vanillin 151/152/81 G 17.086 1.71 3.04 

cis-isoeugenol 164/149/77 G 17.225 0.48 1.69 

4-methyl syringol 168/153/125 S 18.114 8.01 --- 

4-Propylguaiacol 137/166/122 G 18.299 0.19 0.49 

4-propyl catechol 123/152/67 C 18.680 --- 0.41 

acetoguaiacone 151/166/123 G 18.825 0.82 1.74 

4-ethyl syringol 167/182/168 S 19.489 1.71 --- 

Guaiacyl acetone 137/180/122 G 19.604 0.92 0.75 
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From the Py-GC/MS analysis it was seen that the relative content of 

phenolic units derived from LAS was lower compared to that of LMP 

(57.2% and 74.56% respectively). The most relevant difference between 

both lignins was encountered in the S/G ratio. In this respect, the value 

was considerably higher in the LAS compared to the LMP. 

Molecule m/z Origin 

Retention 

time 

(min) 

Content (%) 

LAS LMP 

4-methyl-syringol 178/91/163 S 19.919 --- 0.1 

4-vinylsyringol 180/137/165 S 20.147 4.2 --- 

Propioguaiacone 151/180/123 G 20.413 0.53 1.01 

1-hydroxy-eugenol 137/180/124 G 20.436 --- 0.59 

4-allylsyringol 194/91/119 S 20.696 1.66 --- 

4-Propylsyringol 167/196//168 S 20.777 0.67 --- 

cis-4-allylsyringol 194/91/179 S 21.377 1.59 --- 

Methyl homovanillate 137/182/138 G 21.481 --- 1.48 

syringaldehyde 182/181/167 S 21.568 3.08 --- 

Propenylsyringol 192/177/131 S 21.741 --- --- 

trans-4-allylsyringol 194/91/179 S 22.082 8 --- 

Acetosyringone 181/196/153 S 22.498 3.22 --- 

Coniferyl aldehyde 178/135/77 G 22.602 --- 1.14 

Syringylacetone 167/210/168 S 22.931 2.07 0.27 

Propiosyringone 181/210/182 S 23.543 1.66 --- 

Synaphaldehyde 208/165/137 S 25.212 --- --- 

Synapaldehyde 208/165/137 S 25.535 2.4 --- 

Total benzene derivatives 0.02 1.32 

Total phenol derivatives 0.63 4.54 

Total catechol derivatives 0.6 9.04 

Total guaiacyl derivatives 14.08 59.29 

Total syringyl derivatives 41.87 0.37 

Ratio S/G 2.97 0.01 
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This was because maritime pine (Pinus pinaster), is a softwood species 

which generally presents a very low content or even lacks syringyl units, 

typical from hardwood species169. Thereby, the guaiacyl units are 

predominant within the LMP lignin structure, resulting in low S/G ratios. 

On the other hand, the almond shells are not strictly a woody source of 

lignin, but a non-woodable lignocellulosic biomass from a hardwood 

species, as presented in section B.3.2.5. Therefore, they display preferential 

selectivity towards syringyl type units and accordingly the S/G ratio in 

this case is significantly higher due to a majority of syringyl type moieties 

compared to guaiacyl ones. This difference in the relative content of 

syringyl and guaiacyl type units between the two lignins (reflected on the 

S/G ratio), results in an important impact over the structure of both lignins. 

Moreover, it is the origin of several divergences detected in the rest of the 

analyses discussed in the following sections. 

B.4.2.3 Fourier transformed Infrared spectroscopy analysis (FTIR) 

The two lignins were analyzed by FTIR spectroscopy to elucidate their 

major structural differences. The FTIR spectra of the lignins LAS and LMP 

is showed in Figure 20. The main bands detected in both lignins and the 

assignations to the peaks from the spectra are listed in Table 22. Both 

lignins were characterized by a broad band at 3400 cm-1 of hydroxyl 

groups, another intense band around 3000 cm-1 linked to methyl and 

methylene groups and two narrow bands between 1600-1500 cm-1 typical 

of aromatic rings vibrations of lignin. Nevertheless, several differences 

were observed within the structure of the lignins depending on their 

provenance. In fact, it is known that the origin of the lignin influences its 

structure170. 
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Figure 20. FTIR spectra of the lignins extracted from almond shells (LAS) 

and maritime pine residues (LMP). 

Hence, the lignin obtained from almond shells (LAS), which presented a 

higher S/G ratio, displayed an intense band related to syringyl structures 

at 1119 cm-1. This peak did not appear in the lignin extracted from 

maritime pine residues (LMP), as maritime pine is a softwood species with 

prevalence of guaiacyl groups. Accordingly, two bands related to guaiacyl 

rings appear in LMP (1266, 1139 cm-1). From these bands, only the former 

one was present in the spectra of LAS, but with low intensity. This was in 

agreement with the higher relative content of syringyl units compared to 

the guaiacyl ones observed in the Py-GC/MS analysis. In general, the 

major difference between the lignins, highlighted from the spectra was the 

prevalence of syringyl groups in LAS and of guaiacyl groups in LMP. This 

is concurrent with the S/G ratios determined in the characterization of 

lignins via Py-GC/MS previously. 
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Table 22. Assignments of the major bands found in the FTIR spectra of the lignins 

extracted 

Range of 

wavelength 

(cm-1) 

Assignments 

Identified bands (cm-1) 

LAS LMP 

3410-3400 O-H stretching 3408 3401 

3000-2850 C-H stretch methyl and methylene 

groups 

2933 2930 

1710-1680 C=O stretching 1697 1701 

1600-1500 C=C vibration aromatic ring 1596, 1508 1597, 1508 

1460-1440 C-H bending in methyl and methylene 

groups 

1458 1458 

1430-1420 C-H deformation vibrations aromatic 

ring 

1423 1423 

1270-1260 C-O stretching in guaiacol ring 1272 1266 

1230-1210 C-C, C-O and C=O stretching 1218 1218 

1150-1140 C-H deformation in guaiacol ring  1139 

1120-1110 C-H deformation in syringyl ring 1119  

1035-1030 C-H aromatic in plane deformation 1031 1030 

850-815 C-H aromatic out of plane deformation 

in G and S groups 

829 857, 815 

B.4.2.4 1H-NMR spectroscopy analysis of the lignins 

This structural analysis was performed to confirm the results obtained 

with the Py-GC/MS and FTIR analyses. After this analysis, the peaks were 

normalized to the highest intensity prior to the discussion of the results. 

In Figure 21, the 1H-NMR spectra of the lignins extracted are shown and 

in Table 23, the assignations to the main signals detected are presented. In 

the spectra of LAS and LMP, different signals appeared in the range 0.7-

3.0 ppm, which correspond majorly to CH3 and CH2 from saturated 

aliphatic chains. According to Oliveira et al., 2009 171, this suggests the 

presence of aliphatic compounds linked to the lignin structure. 
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Figure 21. Comparison of the 1H-NMR spectra of LAS and LMP. 

At 3.7 ppm a strong signal was seen in both pristine lignins, which is 

related to the protons of methoxyl groups. In this signal, a significant 

difference was found between the spectra of LAS and LMP. Thus, its 

intensity in the case of the former lignin was higher compared to the latter, 

indicating that a higher abundance of this type of protons is present in 

LAS respect to LMP. This was attributed to the fact that LAS displayed a 

majority of syringyl type units within its structure, whereas in LMP there 

was almost an absence of these moieties. Moreover, since each syringyl 

unit is normally composed of two methoxyl groups with their 

corresponding protons, it can be expected that the intensity of the peak for 

these protons would be lower in the lignin where syringyl moieties were 

not present or were present in a lower extent. Some mild to small signals 

were found in the range between 4-6 ppm attributed to the protons from 

the typical lignin interlinkages β-O-4, β-β, β-5. 
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Table 23. Assignation of the main signals detected in the 1H-NMR spectra of the 

lignins. 

Chemical shift 

(ppm) 
Assignation 

0.8-1.6 Aliphatic protons of saturated chains 

1.24 Aliphatic protons of oxidized lignin 

2.5 DMSO 

3.35 Water 

3.75 Protons from methoxyl groups 

4.6 Protons Hβ from β-O-4 structure 

4.7 Protons Hα from β- β structure 

4.85 Protons Hα from β-O-4 structure 

5.3-5.4 Protons Hα from β-5 structure 

6.6-6.7 Aromatic protons from syringyl units 

6.9-7.0 Aromatic protons from guaiacyl units 

8.1-8.3 Phenolic proton from syringyl units 

8.7-9 Phenolic proton from guaiacyl units 

9.6 Formyl proton from cinnamaldehyde 

9.8 Formyl proton from benzaldehyde 

12.13 Proton from carboxylic acid derived groups 

In the range from 6-8 ppm, more intense signals were present 

corresponding to aromatic protons as reported in other works172,173 and 

differences were encountered between LAS and LMP. The former lignin 

displays higher intensity within this region compared to LMP and its band 

was also wider, highlighting a bigger amount and a greater variety of 

aromatic protons. In LAS, proton signals corresponding to syringyl and 

guaiacyl moieties were seen, whereas in LMP only guaiacyl-derived 

signals. This is in accordance with the S/G ratios previously discussed in 

Section B.4.2.2. Between 8 and 9 ppm protons derived from phenolic 

hydroxyl groups are normally reported174,175. To confirm the presence of 

the mentioned groups, a method for the determination of hydroxyl groups 

was followed, which is described in Annex III (section III.6.2.1). 
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Thereby, several hydroxyl signals were detected in the range of 8-9 ppm. 

Again, differences were found regarding the content of guaiacyl and 

syringyl units. In LAS samples, signals related to hydroxyl groups from 

syringyl and guaiacyl moieties were detected while in LMP only the latter 

ones were seen. Beyond 9 ppm, few signals were observed such as a 

couple of peaks related to aldehyde protons and a weak broad peak 

around 12 ppm associated with protons from carboxylic acids. 

B.4.2.5 High-performance size exclusion chromatography analysis 
(HPSEC) 

With this technique of analysis, different lignin-size-related parameters 

were determined, such as the weight average and number average 

molecular weights (Mw, Mn) and the polydispersity index (Table24). 

Table 24. Parameters calculated from the analysis of the size of the lignins 

 Mw (g/mol) Mn (g/mol) Mw/Mn 

LAS 6598.50±43.13 1244.45±149.20 4.91±0.05 

LMP 4782.50±153.59 1038.75±101.72 4.63±0.31 

Although both lignins were isolated by means of the same extraction 

process, they presented divergences in terms of the molecular weights. 

This was attributed to their different origin. Thus, it was observed that the 

lignin extracted from the maritime pine residues (LMP) displayed lower 

values of molecular weights (Mw and Mn) compared to that obtained from 

almond shells (LAS). This means that in LMP the moieties taking part in 

the lignin structure were smaller than those of LAS. The size differences 

in organosolv lignins based on their distinct origin have also been reported 

in a work by Gordobil et al., 2015 176. 

Nevertheless, in this work a higher molecular weight was found for 

organosolv lignin derived from hardwood species compared to 

organosolv softwood-derived lignin. 
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B.4.2.6 Thermogravimetric analysis of the lignins 

The two lignins from different origins were analyzed by 

thermogravimetric analysis, to assess their thermal degradation and 

stability. In Figure 22 are presented the curves from the thermogravimetric 

and derivative thermogravimetric analyses. On the other side, the main 

thermal parameters determined from these analyses are shown in Table 

25. 

 

Figure 22. Graphs from the thermogravimetric (A) and derivative 
thermogravimetric (B) analyses. 

From the previous figure, it was observed that the degradation of the 

lignins followed various steps. In this respect, some divergences can be 

seen between LAS and LMP. The first stage of degradation (until 100ºC), 

related to the evaporation of moisture and volatiles, occurred analogously 

in both lignins. From 100-325 ºC, the second stage of degradation 

appeared, which was attributed to the decomposition of the carbohydrates 

linked to the lignin structure (LCC), since they are usually degraded 

within this range of temperatures177 (e.g. hemicelluloses 200-280 ºC). In this 

range of temperatures, the lignin with higher thermal performance was 

LMP as seen in Figure 22B. This may be because it presented a lower 

carbohydrate content (Table 20). The third stage (325-400 ºC) 

corresponded to the main stage of degradation, which was related to the 

decomposition of the lignin structure. 
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Here, small divergences were identified between both lignins, such as the 

slightly higher temperature of maximum degradation of LMP. This is due 

to the higher thermal stability of guaiacyl units reported in other 

works178,179. Beyond the third stage of degradation (400-800 ºC), the 

thermal performance of the lignin from almond shells (LAS) was higher 

than that derived from maritime pine residues (LMP). On the one hand, 

this may be attributed to the bigger size of the lignin molecules in LAS. On 

the other hand, this could be related to a higher char content of LAS, since 

LAS and LMP displayed similar percentage of ashes as shown in table 20. 

Accordingly, the residue remaining at the end (800ºC) was a greater in the 

case of LAS compared to LMP. 

Table 25. Thermogravimetric parameters determined for the lignins from almond 

shells (LAS) and maritime pine residues (LMP) 

 T5% (ºC) Tmax (ºC) Residue at 800ºC (wt.%) 

LAS 221.97 385.82 38.73 

LMP 237.23 389.83 33.18 

B.4.3 Conclusions 

After performing the organosolv-lignin-extraction in a single-stage 

process, it was observed the significant influence of the source of biomass 

employed. Thereby, the lignins isolated from almond shells (LAS) and 

maritime pine residues (LMP) displayed several differences, especially 

concerning their chemical structure. By Py-GC/MS, FTIR and 1H-NMR 

analyses it was confirmed that both lignins presented opposite contents of 

syringyl and guaiacyl type units, owing to their different origins (non-

woodable lignocellulosic biomass from a hardwood species for LAS and 

softwood for LMP). Divergences were seen as well in the size of the 

lignins. Thus, despite the fact that they were extracted by the same 

pretreatment, their molecular weights were significantly different. This 

also influenced their thermal properties and performance as proven by the 

thermogravimetric analysis. 
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B.5 General conclusions 

Considering the result and discussion provided the following conclusions 

were extracted: 

• The different pretreatments employed currently for lignin isolation 

were assessed through the literature. It was concluded that the 

organosolv method was the one that better fitted the characteristic 

desired for the process of extraction and the lignin. 

• Although a multistage-organosolv extraction process was tested, it 

was concluded that it did not provide significant advantages 

compared to the single-stage-organosolv extraction process. 

• The organosolv pretreatment implemented for both sources of 

biomass achieved to isolate highly pure lignins efficiently. 

• The different origins of the biomass sources used resulted in 

lignins with considerable structural differences. Thereby almond 

shells lignin (LAS) presented a higher content of syringyl-derived 

units, whereas maritime pine lignin (LMP) displayed a higher 

abundance of guaiacyl-derived moieties. 
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Part C. Tannins selection and 

characterization 

C.1 Motivation 

It was already introduced in chapter 1, the current interest and the 

potential of tannins as phenolic raw material for different applications 

such. However, this interest and potential applications are highly 

dependent on several aspects such as the process of extraction and the type 

of tannins used. Accordingly, within this part, the wide spectra of methods 

available for tannins extraction are first presented and the pertinent 

discussion and comparison are carried out. Following that, the selection of 

the tannins employed for this work is justified, remarking the strong 

points of the type of tannins chosen compared to other tannin species. In 

the final part, a brief chemical characterization is included to address some 

important points such as their purity and reactivity. 

C.2 Background 

One important aspect of tannins is their heterogeneous nature, which 

makes it impossible to settle a universal method for their extraction180. 

Accordingly, the yield, purity, and composition of the extracts generally 

rely on several parameters such as the source, technique employed, 

extraction time, temperature etc.181. Within these aspects, the process of 

extraction of tannins constitutes a crucial key point for their reuse and 

valorisation in different applications. In this respect, since the 17th 

century, a great number of techniques have emerged. Accordingly, 

traditional methods such as soxhlet extraction coexist nowadays with 

more recent techniques like extraction assisted by microwaves or 

ultrasound. 



Fireproofing biosourced-phenolic resins for the protection of wood and wood composites 
 

76 

C.2.1 Solid-liquid extraction (SLE) 

This is the simplest and most traditional method employed for tannins 

extraction. During this kind of extraction, the solvent penetrates into the 

cell wall of the feedstock containing the tannins. Then, they are dissolved 

and taken out in the form of extracts182. A variety of solvents can be used 

in this method, but generally organic solvents, water or aqueous solutions 

are employed. Concerning the use of organic solvents and their aqueous 

solutions, the extraction is commonly carried out by means of a soxhlet 

apparatus whose experimental extraction procedure has been described in 

several works183,184. On the other hand, the extraction with water can be 

carried out under reflux or through simple infusion or maceration in flasks 

or vessels. In this extraction method, the polarity of the solvent is an 

important parameter, which can increase the extraction yield185. 

Consequently, methanol, ethanol, water, and aqueous mixtures are 

typically selected as solvents for their high extraction efficiencies towards 

tannins186. At the industrial scale, it is the most widespread technique, 

especially by using water as a solvent (more environmentally friendly). In 

this case, a small amount of alkaline compounds and salts are reported to 

increase highly the extraction efficiency187,188. 

C.2.2 Supercritical fluid extraction (SFE) 

The principle of this method is based on the concept of the critical point, 

which is defined as the highest temperature and pressure at which a pure 

substance can exist in a vapor-liquid equilibrium189. Above this point, 

fluids share properties between a gas and a liquid, such as the typical 

weight of liquids with the penetration power of gases190. The most widely 

employed solvent for this type of extraction is carbon dioxide (CO2). This 

is due to its desirable properties such as non-toxicity, non-flammability, 

non-corrosive nature, availability and low critical temperature and 

pressure191. 
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Generally, a co-solvent is utilized as well (e.g. ethanol or methanol) owing 

to the non-polar nature of CO2 and the polar nature of most of the tannin 

compounds. This helps to ameliorate the solvating power of CO2 towards 

tannins and to improve the extraction yields. 

C.2.3 Pressurized water extraction (PWE) 

This extraction method is based on the use of water as solvent at high 

pressures and temperatures, generally at subcritical conditions i.e. 

between its atmospheric boiling point (100 °C, 0.1 MPa) and its critical 

point (374 °C, 22.1 MPa). Within this range water is maintained in the 

liquid state but properties such as the polarity, viscosity, surface tension, 

and dissociation constant are considerably lowered compared to water at 

ambient conditions192. The reduction of these parameters enhances the 

mass transfer of the tannins from the feedstock matrix193. The main 

difference with traditional solid-liquid extraction, is that here the 

temperature is kept above the boiling point and the pressure above the 

atmospheric to maintain water in liquid state. The temperature plays a 

major role in this extraction method. Thereby, its increment until certain 

point (avoid sample degradation) can lead to enhanced extraction 

yields194. 

C.2.4 Microwave-assisted extraction (MAE) 

This method is based on the combination of the traditional solvents 

employed for the extraction of tannins and the fast heating of the 

microwaves. In this case, the extraction process is ameliorated because 

both the solvent and the sample can be rapidly heated by direct interaction 

with electromagnetic radiation (depending on their dielectric 

characteristics). The effect of heating on the solvent increases its solubility, 

whereas on the material it improves porosity allowing easier penetration 

of the solvent195. Both phenomena provide an eased extraction of tannins 

from the cell wall of the feedstock. Accordingly, the microwave power 

displays a considerable influence over the process efficiency. 
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Hence, it can increment the amount of tannins extracted196. Besides this 

parameter, the polarity of the solvent is also of great importance, as it was 

already reported for the traditional solid-liquid extraction. 

C.2.5 Ultrasound-assisted extraction (UAE) 

The extraction of tannins by this technique is based on the formation, 

growth and collapse of micro bubbles inside a liquid phase subjected to 

ultrasonic cavitation197. The bubbles are induced by sound waves, with 

frequencies above 20 kHz, which cause mechanical vibrations into the 

plant matrix. These mechanical vibrations can disrupt cell-wall tissues 

ameliorating the penetration of the solvent into the matrix and achieving 

a higher extraction of tannins198. The power of sonication has a direct 

influence over the extraction results as it was commented in the previous 

case of MAE for the microwave power. The polarity of the solvent 

employed is a decisive parameter as well, which can provide improved 

extraction yields. 

C.2.6 Assessment of the different extraction methods 

The methods listed before for tannins extraction are based on different 

principles and therefore they can yield different results concerning the 

amount of tannin extracted and the extraction efficiency. In the following 

table, their main strengths and weaknesses are presented and compared. 

As presented in Table 26, each method of extraction of tannins presented 

different strengths and weak points. Currently, there is a trend towards 

the switch from the most traditional extraction of tannins (SLE) to the most 

state of the art techniques (PWE, MAE or UAE). In the literature it can be 

found an increasing number of works where similar results for tannin 

extraction are obtained by the most modern techniques199–202. 
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Table 26. Evaluation and comparison of the most used extraction methods for 

tannins. 

Extraction method Advantages Disadvantages 

Solid-liquid 
extraction 

-Simplicity, efficiency 
and low cost. 
-Available at industrial 
scale. 

-High amount of 
solvent needed. 
-Long-time of 
extraction (1h-72h). 

Supercritical fluid 
extraction 

-Mild temperatures are 
used. 

-Considerably high 
investment costs. 
-Necessity of a co-
solvent. 

Pressurized water 
extraction 

-Low time of extraction 
(15-30 minutes). 
-No-toxic solvent. 

-Harsh conditions 
needed (high pressure 
and temperature). 
-Expensive equipment 
is required. 

Microwave-assisted 
extraction 

-Low time of extraction 
(1-5 minutes). 
-Lower amount of 
solvent needed. 

-Possibility of thermal 
degradation of the 
sample. 
-High cost of the 
equipment. 

Ultrasound-
assisted extraction 

-Low time of extraction 
(15-30 minutes). 
-No too high cost of the 
equipment. 

-Lack of uniformity of 
the ultrasound 
intensity. 
-Reduction of 
ultrasound power with 
time. 

Nevertheless, they still remain at the laboratory scale rather than moving 

to a higher scale. Their constraints are mostly related to the operational 

complexity of the processes and investments on equipment and reagents. 

Furthermore, even at a laboratory scale the amounts of tannins extracted 

by these methods are limited to provide enough availability for further 

applications. For this reason, the traditional solid-liquid extraction 

continues to be the extraction method for tannins preferred among the 

industry203. 
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C.3 Tannins selection 

In this section, the choice of the tannins to be used as a phenolic raw 

material is presented and justified. In this respect, two aspects are 

discussed: the election between a tannin extracted in the small-scale in the 

laboratory and a commercial tannin extract coming from the industrial 

scale and provided by a company and the decision between the different 

tannin species. Concerning the former point, it was decided to select a 

commercial tannin extract supplied by a company rather than to perform 

the tannin extraction in the laboratory. These extracts were obtained via 

solid-liquid extraction with hot water, which is the dominant method 

within the industry (as commented in the previous section), under 

optimized conditions. The decision for the commercial tannin extract was 

based on two reasons namely the amount and availability of the tannin 

powder needed and the quality of the extract. One of the weak points of 

the extraction of tannins in the laboratory is that on average, the extraction 

yields achieved are low-moderate (ranging 10-40%)186,187,204,205. In addition 

to this, the fact that the mass of raw material fed into the reactor is 

generally low. Accordingly, the amount of extracts obtained may not be 

sufficient to satisfy the availability requirements. This would be a limiting 

factor (numerous batches would be needed) for the utilization of the 

tannin as raw material in further synthesis of phenolic resins. The other 

major reason is that the commercial extracts coming from the industry can 

provide a high tannin purity and reactivity, whereas those produced at 

the laboratory scale generally lack from these conditions. For instance, in 

some cases where the yields achieved are significant, the actual amount of 

tannins in the extracts is low206–208. In other cases, the extracts can display 

a good tannin content but then a high reactivity cannot be ensured209,210 . 

For this reason the selection of a tannin extract, which is commercialized 

at the industrial scale will ensure these points. Another point playing a 

significant role is the species of the tannins, as it will determine the 

chemical composition and structure of the tannins. 
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Between the two main types of tannins, namely condensed and 

hydrolysable, the former one displays a higher commercial availability. In 

fact, this type represents more than 90% of the tannin production 

worldwide211. Moreover, condensed tannins present a higher reactivity 

than hydrolysable type owing to the low level of phenol substitution and 

nucleophicity of the latter188. Consequently, a species with a majority of 

condensed tannin moieties was preferred. Within, the species with 

prominence of this type of tannins, mimosa (Acacia mearnsii) is responsible 

for the most common commercial condensed tannins, with a production 

of 220000 tons/year212. This is due to the high content of condensed tannins 

in mimosa compared to other species and owing to the significant yield 

obtained in the extraction process. The tannins are typically extracted from 

the mimosa bark, as it is reported to have the highest content of tannins 

compared to other parts of the plant213. This is an advantage because it is 

preferable to extract the tannins from the bark, which may not have any 

other further specific application, rather than for example from the wood. 

Furthermore, this may also promote the protection of wood as a source. 

Taking all these points into consideration, a commercial tannin extract 

from mimosa bark (Acacia mearnsii) was selected as the other phenolic raw 

material for the later synthesis of the resins. Since it was a commercial 

product, a fully comprehensive characterization, as the one carried out for 

the lignins, was not necessary. Nevertheless, a brief analysis of the 

chemical composition, reactivity, and structure was performed to confirm 

the desired characteristics of the commercial tannin extract. The 

mentioned analysis is showed in the following section. 

C.4 Tannins characterization 

The tannin extracts selected as phenolic raw material for the further 

synthesis of the biosourced phenolic resins are briefly characterized in this 

part concerning their general composition and other chemical and 

structural parameters. 
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C.4.1 Experimental procedure 

In this subsection, the description of the tannin selected as phenolic raw 

material and the main techniques for its characterization are described. 

C.4.1.1 Raw material 

The raw material selected was a commercial tannin extract from mimosa 

(Acacia mearnsii) with the name Tanfood, which was provided by Tanacinc 

(Brazil). 

C.4.1.2 Characterization methods 

The techniques of analysis employed for the characterization of the tannin 

extract are listed within this section and displayed in Table 27. 

Table 27. Characterization methods used for the analysis of the chemical 

composition of the tannin selected and its structure. 

Component Analysis Technique Annex Section 

Tannin 

Chemical 
composition 

OCA and ICB Annex II II.1.2 

Total phenolic 
content 

Colorimetric 
method 
(GAEC) 

Annex III 

III.2 

Molecular 
weight 

HPSECD III.3 

Chemical 
structure 

FTIRE III.6.1 

Total 
carbohydrate 

content 

Anthrone 
method 

Annex IV 

IV.1 

Total flavonoid 
content 

Colorimetric 
method (QEF) 

IV.2 

Total condensed 
tannin content 

Colorimetric 
method (CyEG) 

IV.3 

Reactivity 
Stiasny Index 

assay 
IV.4 
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AOC: organic content, BIC: inorganic content, CGAE: gallic acid equivalents, DHPSEC: 

High performance size exclusion chromatography, EFTIR: Fourier Transformed Infrared 

Spectroscopy analysis FQE: quercetin equivalent, GCyE: Cyanindin equivalents. 

C.4.2 Results and discussion 

In this section, the results derived from the techniques of analysis 

implemented for the characterization of the tannin selected are displayed. 

C.4.2.1 Chemical composition and reactivity of the tannin 

Several parameters related to the composition and the reactivity of the 

commercial tannin extract were determined (Table 28), to confirm its 

suitability as phenolic raw material for the synthesis of the resins in the 

following chapter. 

Table 28. Parameters determined for assessing the composition and reactivity of 

the mimosa tannin extract. 

Parameters measured Value 

Purity 

Organic content (%) 97.10±0.22 

Char content (%) 31.35±0.04 

Total carbohydrate content (%) 2.892±0.07 

Inorganic content (%) 2.90±0.23 

Composition 

Total phenolic content 
(mgGAE/gextract) 

582.67±50.66 

Total flavonoid content 
(mgQE/gextract) 

552.15±17.42 

Total condensed tannin 
(mgCyE/gextract) 

537.59±58.75 

Reactivity Stiasny number (%) 89.46±2.46 

First, it was confirmed the purity of the commercial extract since, the 

content of inorganic compounds (ashes) represented less than 3% of the 

total and the amount of carbohydrates detected in the extract displayed a 

low value compared to the total amount of organic compounds. 
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This was expected, as carbohydrates are more likely to appear in extracts 

with a predominance of hydrolysable tannins and mimosa extracts are 

composed mainly of prorobinetinidin and profisetinidin, which are 

monomeric units typical from condensed tannins214. 

Concerning the content of total phenolic compounds, the value obtained 

was in accordance with other works from the literature196,215. On the other 

hand, the content of flavonoids and condensed tannins was high 

compared to the values reported in other works for the extraction of 

tannins from Acacia mearnsii216,217. This was attributed to the fact that the 

selected mimosa extract is obtained from an industrial process optimized 

to allow its commercialization. Nevertheless, the extraction of the tannins 

performed at the small-scale generally lacks from this optimization, which 

has a direct influence on the final amount of actual tannins in the extracts. 

The content of flavonoids represented the most part of the phenolic 

compounds determined in the extracts. Likewise, the same tendency was 

observed for the content of condensed tannins, which accounted for 

almost the majority of the flavonoid compounds. Thereby, it was 

confirmed (as expected) the predominance and availability of condensed 

tannin compounds in the commercial mimosa extract. This was concurrent 

with the decision of selecting a commercial tannin extract, instead of 

carrying out the extraction of the tannins as it was done for the lignin. 

The Stiasny Index assay showed that the reactivity to aldehydes of the 

selected tannin extract was high, as compared to mimosa extracts reported 

in other works from the literature218,219. This is a point of great significance, 

since tannins with lower reactivity would not be suitable for their 

utilization in the synthesis of phenolic resins of the phenol-formaldehyde 

type. Besides, the value obtained for the Stiasny Index (SI) was around 

90% and according to Rosales et al. 2002 a tannin extract with an SI higher 

than 65 is a suitable source of condensed tannins for its utilization in other 

applications e.g. formulation of adhesives220. 
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C.4.2.2 High performance size exclusion chromatography analysis 
(HPSEC) 

This technique was carried to evaluate the size and heterogeneity of the 

compounds forming part of the tannins extract. The curve obtained for the 

size distribution of the mimosa tannin extract and the main parameters 

calculated from the analysis concerning the molecular weights and 

distribution are presented in Figure 23 and Table 29 respectively. 

 

Figure 23. Curve for the size distribution of the mimosa tannin extract. 

In the previous figure, several peaks were detected at different retention 

times. Accordingly, it could be concluded that the commercial mimosa 

tannin extract was composed of various molecules of different molecular 

weights. This was expected, since the tannins from mimosa extracts are 

considered as oligomers formed by several flavan-3-ol units, mainly 

fisetinidol and robinetinidol221. 

The molecular weights displayed in each section of Figure 23 could be 

associated with various flavonoid monomers, dimers, trimers or other 

oligomers. Robinetinidol (C15H14O6) and fisetinidol (C15H14O5) have 

molecular weights of 290.26 g/mol and 274.26g/mol respectively. 
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This means that the peaks appearing at the longer retention times could 

be associated with these monomers or their radicals, since the molecular 

weights are similar. Thereby, the main peak, obtained for the mimosa 

tannin extract may be attributed to an oligomer composed of 4-5 units, 

considering its molecular weight (1288.37 g/mol). This would be in 

agreement with Pasch et al., 2001 222, who evaluated the composition of 

monomers and oligomers of a mimosa tannin extract by MALDI-TOF and 

found the higher intensities for the tetramers and pentamers. These 

oligomers have been also reported in other works223,224. The first peak with 

a higher molecular weight might be related to a more condensed and 

polymerized formed of the tannins. 

Average results were extrapolated from the analysis regarding different 

parameters and pointing out a molecular weight within the typical range 

of tannins225. Moreover, the polydispersity index confirmed the presence 

of several monomeric units for the extract that was already presented in 

the previous figure. Besides, the value was within the expected range for 

mimosa tannins226. The low value of the average molecular weight is of 

great interest, since it would ease a further chemical polymerization with 

other components, avoiding steric hindrance. 

Table 29. Parameters calculated from the analysis of the size of the mimosa tannin 

extract 

Mw (g/mol) Mn (g/mol) Mw/Mn 

3402±2.72 702±5.84 4.85±0.04 

C.4.2.3 Fourier transformed Infrared spectroscopy analysis (FTIR) 

This technique was employed to characterize briefly the main functional 

groups and linkages, present within the structure of the commercial 

mimosa tannin extract. In Figure 24 the spectrum of the mimosa tannin 

extract is presented and the assignations to the main bands and peaks 

detected in the spectra are listed in Table 30. 
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Figure 24. FTIR spectra of the commercial tannin extract of mimosa. 

From the previous spectrum, a wide intense band was observed between 

3500-3100 cm-1 attributed to the hydroxyl groups of the tannin molecules. 

Since tannins are polyphenolic molecules with high content of different 

types of hydroxyl groups227, it was expected that this band presented such 

an important contribution to the spectra. Around 3000 cm-1, stretching 

vibrations of CH, CH2 and CH3 groups were seen, related to the C-ring of 

mimosa tannin monomers228. In the range 1600-1450 cm-1, some signals 

were detected attributed to aromatic ring stretching vibrations229. In the 

next region (1300-1020 cm-1), several peaks were distinguished, especially 

that at 1024 cm-1, associated to the ether linkages of the heterocyclic ring 

of flavonoids230. A final peak around 850 cm-1 was found derived from the 

distortion vibrations of aromatic carbon double bonds from benzene 

rings231. 
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Table 30. Assignments of the major bands found in the FTIR spectra of the 

selected commercial tannin extract. 

Wavelength 

(cm-1) 
Intensity Assignments 

3239 VS O-H stretching  

2900 VW C-H stretching vibrations 

1603 S 

C=C-C aromatic stretching vibrations 1505 W 

1450 M 

1311 M 

C-O-C stretching of pyran heterocyclic ring 

of flavonoids 

1231 VW 

1195 VW 

1158 VW 

1110 VW 

1064 VW 

1024 S 

838 W C-C vibrations in benzene ring 

VS: very strong, S: strong, M: medium, W: weak and VW:very weak 

The bands detected from the spectra confirmed that the commercial 

mimosa tannin extract presents the expected structure of this type of 

tannins (high amount of hydroxyl groups and heterocyclic ring typical of 

flavonoid moieties). 

C.4.3 Conclusions 

It was confirmed that the commercial mimosa tannin extracts display a 

suitable composition, reactivity and structure for their use as phenolic raw 

material. On the one hand, a significant content of phenolic and more 

specifically condensed tannins in the extracts was found. This proves its 

purity and assures the predominance of these desired components in the 

extract. 
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The reactivity as assessed by the Stiasny Index (SI) was high as well. 

Moreover, the extended presence of hydroxyl groups within its structure, 

as seen in the FTIR structural analysis, confirmed the high reactivity of the 

tannins. 

C.5 General conclusions 

Within this section, various points related to the selection of the process of 

extraction for tannins and the most suitable type of tannins were 

discussed. Furthermore, a general characterization of the tannin extract 

selected was provided. Taking into consideration the previous assessment 

and results provided the next conclusions were drawn: 

• A commercial tannin extract obtained at an industrial scale was 

selected to avoid the main limitation from the laboratory-scale 

extraction of tannins, namely the low quantity and purity of the 

tannins extracted. 

• After a literature review carried out on tannins, it was concluded 

that mimosa tannins display advantages compared to tannins from 

other species, especially regarding their abundance and 

commercial availability. Therefore, a commercial extract of this 

kind of tannins was selected. 

• The characterization carried out, confirmed the suitability of the 

composition, reactivity and structure of the tannin extract for its 

utilization in further chemical synthesis reactions (raw material in 

the formulation of biosourced phenolic resins). 
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The third chapter of this work is focused on the synthesis of biosourced 

phenolic resins from the raw materials extracted and characterized in the 

previous chapter, namely organosolv lignins and mimosa tannin extract. 

The chapter was split into two different parts A and B. On the one hand, 

part A is devoted to the process of chemical modification to which lignins 

were subjected prior to their utilization as raw materials for the synthesis 

of the phenolic resins. Furthermore, the effects of the chemical 

modification of the lignins were determined by several chemical and 

structural characterization techniques. In the end, the enhancements 

achieved for both lignins after the process of modification in terms of 

structure and performance were assessed. On the other hand, part B was 

dedicated to the process of synthesis of the biosourced phenolic resins and 

to the characterization of the resin formulation obtained. They were 

evaluated for several physical-chemical parameters and for their thermal 

performance. They were compared based on these characteristics to resins 

reported in other works from the literature. 

Part A. Chemical modification of the lignins 

A.1 Motivation 

It has already been presented previously the interest on lignin in recent 

years, owing to its potential use in several industrial applications, 

especially in the field of materials. Nevertheless, lignin as raw material 

also displays various limitations derived from its complex and recalcitrant 

structure. 

For instance, compared to other synthetic compounds such as phenol, 

lignin presents less active sites within its structure. Therefore, its reactivity 

is considerably lower, which can hinder its use as an alternative to 

phenol232. Similarly, properties of lignins such as its structure and thermal 

stability need to be improved as well for specific applications. 
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For these reasons, the chemical modification of lignin is generally 

employed aiming the increment of its reactivity and/or the improvement 

of certain characteristics and/or performance. 

In this section, first a general revision of the main process utilized within 

the literature for lignin chemical modification is displayed. Then, the 

process implemented in this work for achieving the activation of the 

lignins and the improvement of their thermal properties is presented. The 

main effects derived from the process at chemical and structural level were 

evaluated as well. 

A.2 Background 

Despite the many application of lignin among different areas, its 

utilization in its original state, as it is obtained in the industry, entails 

several difficulties such as the low reactivity, the brittle and rigid 

structure, and low replacement ratio233. The reactivity is one of the most 

important issues to face when handling lignin. Although lignin displays a 

considerable number of phenolic oxygen within its structure, the majority 

of them are hindered as interunit ether bonds and methoxyl groups234. 

Therefore the actual amount of free phenolic hydroxyl groups is reduced 

compared to other compounds. Since it is known that the presence of 

hydroxyl groups within the lignin structure is related to its reactivity, the 

increase of this functional group is desired to enhance the reactivity of the 

lignins. 

In recent years, several works have studied the enhancement of lignin 

reactivity via different methods such as methylolation or 

hydroxymethylation235, demethylation234, amination236, and phenolation237. 

From the previous techniques, methylolation is one of the most employed, 

especially for the use of lignin in the synthesis of bio-based resins238,239. This 

method consists in the reaction of lignin with formaldehyde in alkaline 

medium to introduce hydroxymethyl groups (-CH2OH) into its structure. 
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The major problem of this modification lies on the non-renewable nature 

of formaldehyde and its toxicity. Accordingly, there have been efforts 

towards the utilization of a more environmentally friendly aldehyde. 

Glyoxal, which is composed of two aldehyde groups, is a non-toxic 

aldehyde classified as non-volatile (NTIS2005). Furthermore, it can be 

directly obtained from various natural sources e.g. oxidation of lipids and 

as side-product from some biological processes240. Considering this, there 

has been a tendency towards the replacement of formaldehyde by glyoxal 

for lignin modification241–243. On the other side, the issue of its rather rigid 

and brittle structure in its original state poses a challenge in certain areas 

like building and construction industry, in which certain properties 

(mechanical strength, thermal stability or fire resistance) need to be 

improved244. In this case, the combination of lignins with inorganic 

compounds like silicates or silicate clays appears as an alternative to 

overcome this issue. The mentioned combination leads to a novel topic 

recently discussed in the literature and referred to as hybrid materials. The 

International Union of Pure and Applied Chemistry (IUPAC) define 

hybrid materials as “materials composed of an intimate mixture of inorganic 

components, organic components or both types in which these components usually 

interpenetrate on scales less than 1µm”245. This kind of modification presents 

various advantages such as the combination of properties of organic and 

inorganic materials into one material and the introduction of several 

functional groups, creating multifunctional materials246. 

Moreover, a synergistic effect in organic-inorganic materials is reported, 

owing to the properties of the different components present247. Lately the 

process of grafting of inorganic compounds in the nanoscale to different 

organic matrices has been used in the elaboration of clay or silicate-

polymer nanocomposites or hybrid materials. In fact, the dispersion of 

nanoscale clay layers into polymeric matrices is said to block the diffusion 

of volatile decomposition products during thermal degradation, 

improving the thermal resistance of the materials248. 
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Besides, this type of hybrids shows enhanced mechanical properties, 

flame retardancy and barrier properties at the nanoscale level249 compared 

to the typical only organic-based materials. Nanoclays and nanosilicates 

are currently widely utilized in the formulation of the organic-inorganic 

hybrid materials. 

 

Figure 25. General clay structure composed of negatively charged sheet and 
positively charged cations. 

The former group is composed of nanostructured compounds belonging 

to a family of clays. Clay minerals are hydrous silicates defined as fined-

grained particles with a structure composed of sheet stacked one over 

another250. Clay minerals can display different geometries and therefore 

several arrangements for the individual layers exist: two, three or four 

sheet of either [SiO4]4- tetrahedral (T) or [AlO3(OH)3]6- octahedral (O). 

These sheets are organized one over another, with Van der Waals 

interactions between them. The negative layer charge is compensated by 

the cations (Na+, K+, Ca2+ and Mg2+), which occupied inter-lamellar space 

(Figure 25). Concerning the number and arrangements of sheets in each 

clay layer, different types of clay minerals can be distinguished as shown 

in Table 31 
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Table 31. Kinds of clay minerals depending on the arrangement of sheets in the 

layers (T: tetrahedral and O: octahedral) 

Number of sheets per 

layer 
Arrangement Clays examples 

2 1:1   [T:O] Kaolinite, halloysite 

3 2:1   [T:O:T] 
Vermiculite, smectite, 

pyrophyllite 

4 (2:1):1   [(T:O:T):O] Chlorite 

One of the most used nanoclays in this type of nanocomposites is 

montmorillonite (MMT), a natural 2:1 sheet phyllosilicate belonging to the 

family of smectites251. It displays various advantages such as low price and 

rich intercalation chemistry, providing the possibility of being chemically 

modified to increase the compatibility with the polymeric matrices252. 

On the other hand, among the nanosilicates polyhedral oligomeric 

silsesquioxanes (POSS) are a group receiving a great deal of attention in 

the recent years253. Structurally, POSS are characterized by a silica cage 

core with organic functional groups attached to the corners of the structure 

(Figure 26). Hence, they present the general formula (RSiO1.5)n where R can 

be a hydrogen atom or any organic functional group254. The availability of 

several R groups within the structure allows the introduction of various 

functional groups to increase the compatibility with various polymers. 

 

Figure 26. Molecular structure of polyhedral oligomeric silsesquioxanes (POSS). 
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Different types of polyhedral oligomeric silsesquioxanes (POSS) can be 
distinguished, based on the level of functionality and reactivity. 

• Molecular silica: is the case in which all the functional groups 

attached to the Si-O cage are non-reactive (R=H). 

• Monofunctional POSS: in this case, only one reactive group is 

present among the functional groups attached (one R=organic 

functional group). 

• Multifunctional POSS: in this case, two or more reactive groups are 

attached to the Si-O cage (more than one R=organic functional 

group). 

This kind of nanoparticles displays several advantages such as the fact that 

they can reduce the viscosity in the case of highly filled resins255 and that 

they can provide various organic functional groups attached to their 

structure, being compatible with multiple polymers256. 

A.3 Experimental procedure 

In the next subsections, the description of the raw materials and the 

processes of the functionalization of the raw materials are presented. 

A.3.1 Raw materials and reagents 

The raw materials employed in this part were the organosolv lignins 

obtained from almond shells (LAS) and the residues from maritime pine 

(LMP), which were characterized in the previous chapter (Chapter 2, 

section B.4.2). The process carried out for their extraction, was detailed in 

Chapter 2, section B.4.1.2. Within this section, these lignins are referred to 

as pristine or unmodified lignins. The reagents employed during the 

process of lignin modification were glyoxal (40% aqueous solution) and 

sodium hydroxide pellets, which were purchased from Sigma Aldrich. 
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Concerning the nanoparticles used in for the synthesis of the organic-

inorganic nanohybrids, a nanoclay and nanosilicate were employed. The 

nanoclay employed was Dellite® 43B, which was kindly provided by 

LAVIOSA Advance Mineral Solutions (Italy). It was derived from 

naturally occurring montmorillonite purified and modified with a 

quaternary ammonium salt (dimethylbenzylhydrogenated tallow 

ammonium) as presented in Figure 27. 

 

Figure 27. Structure of the organically modified montmorillonite employed in this 
work (Dellite 43B). 

The nanosilicate used was SO1458-TriSilanolPhenyl POSS®, purchased 

from Hybrid Plastics® Inc. (USA). It consisted of a polyhedral oligomeric 

silsexquioxane core modified with organic phenyl groups and three active 

silanol functionalities as showed in figure 28. 

 

Figure 28. Structure of the nanosilicate trisilanol phenyl polyhedral oligomeric 
silsesquioxanes (SO1458-TriSilanolPhenyl POSS®). 
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A.3.2 Processes of functionalization 

The lignins were functionalized by the means of two different processes 

namely glyoxalation and hybridization with inorganic nanoparticles. 

A.3.3.1 Glyoxalation of lignins 

The reaction of lignin with glyoxal was carried out according to a 

procedure published in another previous work with some 

modifications257. Here different formulations of glyoxalated lignins were 

prepared by varying the amounts of water and glyoxal used (Table 32). 

Table 32. Molar ratios of the components for the different formulations of 

glyoxalated lignins and the lignin concentration (w/w). 

Formulation Origin Lignin Water Glyoxal 
Lignin 

concentration 

LG1 

Almond 
shells 

1 13.93 0.25 26.18 

LG2 1 13.93 0.58 24.86 

LG3 1 10.44 0.58 29.80 

LG4 
Maritime 

pine 
wood 

1 13.93 0.25 26.18 

LG5 1 13.93 0.58 24.86 

LG6 1 10.44 0.58 29.80 

Thereby the influence of these components in the process of lignin 

modification can be studied and the lignin formulation with the highest 

activated structure selected. Shortly, 15 g of organosolv lignin was added 

to different amounts of water. Then, an aqueous solution of sodium 

hydroxide (30%) was added to the suspension until a pH in the range 12-

12.5 was obtained. When the desired pH was reached, different amounts 

of glyoxal (40% in water) were added and the mixture was heated at 58 ºC 

during 8 h. During the reaction, mechanical agitation was employed (450 

rpm). 
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Afterwards, small samples of the liquid glyoxalated lignins were dried 

following the procedure described in the ASTM D4426-96 standard, to 

determine the solid content of the modified lignins. Solid contents were 

between 32-35±1.70%. 

A.3.3.2 Hybridization of the lignins or modification with inorganic 
nanoparticles 

This process was carried out by using the glyoxalated lignins obtained 

from the previous modification and the inorganic nanoparticles. The 

glyoxalated lignins were homogeneous brown solutions to which the 

organically modified montmorillonite (OMMT) and polyhedral 

oligomeric silsesquioxanes (POSS®) were added. 

The amount of these nanoparticles used for the reaction was 5% (w/w) 

respect to solid lignin in solution. The mixture was left overnight at 40 ºC 

with magnetic agitation (550 rpm). After this period, it was observed that 

no particles remained floating on the surface of the solution and that no 

particle agglomerates were settled at the bottom. Hence, a homogeneous 

solution was obtained where the nanoparticles were properly dissolved 

and dispersed. Once the lignin modification was carried out, the samples 

were dried at 50 ºC for 24h to remove the liquid phase. Then the solid was 

recovered and crushed into powder (mesh size ≤ 0.25 mm) to be ready for 

further analyses. This procedure was also employed with the glyoxalated 

lignins for the same purpose. The formulations containing OMMT were 

designated with the letter A (LGiA) while those with POSS® were labeled 

as B (LGiB). The conditions of the different lignins modified with these 

inorganic compounds are described in Table 33. 

 

 

 

 



Fireproofing biosourced-phenolic resins for the protection of wood and wood composites 
 

102 

Table 33. Conditions used for the different formulations of the lignins modified 

with inorganic nanoparticles. 

Formulation 
Glyoxalated 

lignin 

Inorganic phase (%)A 

Mixture 
conditions Dellite 

43B 

SO1458-
Trisilanol 

phenyl POSS® 

LG3A 
LG3 

5 --- 40ºC 

1 atm 

550 rpm 

12-15h 

LG3B --- 5 

LG6A 
LG6 

5 --- 

LG6B --- 5 

AContent of inorganic phase expressed in percentage respect to lignin amount 

A.3.3. Characterization methods 

The techniques of analysis employed for the characterization of the lignins 

modified by the previous processes are displayed in the following table. 

Table 34. Characterization methods used for the analysis and evaluation of the 

main structural changes derived from the processes of modification of the lignins. 

Component Analysis Technique Annex Section 

Lignin 

Molecular weight HPSECA 

Annex III 

III.3 

Thermal properties TGAB III.5 

Chemical structure 
FTIRC III.6.1 

1H-NMRD III.6.2 

Hybrid organic-

inorganic structure 
XRDE III.7 

AHPSEC: High performance size exclusion chromatography, BTGA: Thermogravimetric 

analysis, CFTIR: Fourier Transformed Infrared Spectroscopy analysis, D 1H-NMR: Proton 

Nuclear Magnetic Resonance Spectroscopy analysis and EXRD: X-ray diffraction 

analysis. 
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A.4 Results and discussion 

In the next points, the main results obtained from the functionalization 

and chemical modification of the lignins are shown with the 

corresponding analysis. 

A.4.1 Fourier transform infrared spectroscopy analysis (FTIR) 

This technique was employed to assess the main structural changes in the 

lignin after the process of glyoxalation. 

In Figure 29, the spectra corresponding to the pristine or unmodified 

lignins (LAS and LMP) and the different formulations of glyoxalated 

lignins (LG1-LG6) are shown. Several differences were observed in the 

structure of the lignins before and after the reaction with glyoxal. 

 

Figure 29. Comparison of the spectra from pristine and glyoxalated lignins: a) 
almond shells lignin b) maritime pine lignin. 

First, the band of hydroxyl groups at 3400 cm-1 increased after glyoxalation 

becoming wider, especially as the amount of glyoxal used was 

incremented. The band at 1700 cm-1 linked to carbonyl groups, which 

appeared in both lignins, displayed different tendencies after the process 

of modification. On the one hand, in the glyoxalated LAS the intensity of 

the band decreased considerably and became broader and less intense. On 

the other side, in the case of glyoxalated LMP the band intensity decreased 

to a small extent. 
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This may be associated with a different reaction path of the carbonyl 

groups present in both types of pristine lignins (LAS and LMP) during 

glyoxalation. Another band around 1325 cm-1 was seen, which was related 

to phenolic hydroxyl groups. Nevertheless, the major changes after 

glyoxalation were detected in the region between 1120 and 1030 cm-1. Here 

three main bands appeared at 1117 cm-1, 1060-1080 cm-1 and 1030 cm-1, 

corresponding to C-O stretching of secondary alcohol and C-O stretching 

and deformation of primary alcohol respectively. The major band was 

located in the region between 1060 and 1080 cm-1, which became broader 

as the amount of glyoxal in the reaction increased. From the previous 

analysis, a glyoxalation index was determined to assess the degree of 

modification of each formulation. To calculate the glyoxalation index (GI), 

the absorbance spectra were obtained and normalized to the maximum 

absorbance values. Then, the resulting curve was fitted using PeakFit 4.12 

signal processing software, to elucidate the absorbance wavelengths of 

each band by integrating the area under the fitted curves. The numerical 

fitting was performed with a correlation of 0.999 ± 0.015. With the values 

of absorbance of each band, relative absorbance ratios (equations 1-3) were 

calculated based on the work by Malutan et al., 2007 258. The GI was 

calculated as the quotient of the means of these ratios. 

OH-total groups = Average (A3400, A1325, A1117, A1076, A1030)            (1) 

Phenolic OH-groups = A1325                (2) 

GI =OH-Aliphatic / OH-Aromatic = [(OH-total / OH-Aromatic)-1]         (3) 

The ratios previously defined are shown in table 35. With regard to the 

results, it was confirmed that both the total hydroxyl groups and the 

glyoxalation index presented the same increasing tendency. This was 

because during the glyoxalation reaction, hydroxymethyl groups (-

CH2OH ) were introduced into the lignin structure as reported by Younesi-

Kordkheili and Pizzi, 2017 259. Thereby, the GI was taken as indicator to 

assess the degree of activation of the lignins. 
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Table 35. Ratios of relative absorbance for the different glyoxalated lignins 

Samples OH-aromatic* OH-total* GI 

LG1 1.95 6.04 2.09 

LG2 3.24 10.44 2.31 

LG3 3.44 12.11 2.53 

LG4 1.78 5.32 1.99 

LG5 2.54 10.37 3.09 

LG6 2.13 11.28 4.29 

*These ratios were expressed as percentage of area contribution to the total area under 
the spectra curves 

Regarding the amount of aromatic hydroxyl groups (OH-aromatic), two 

trends were observed. In the glyoxalation of LAS, this ratio increased, 

whereas it remained smaller in the case of LMP. This indicated that LMP 

presented a higher amount of aliphatic OH compared to LAS after 

glyoxalation. For this reason, the GI of glyoxalated LMP was considerably 

higher than that of LAS, since the GI is defined as the ratio between 

aliphatic and aromatic OH. This index outlined that the introduction of 

hydroxymethyl groups (–CH2OH) in the lignin structure was more 

evident in the LMP, and therefore the degree of modification was higher 

for this type of lignin. The reason for that was related to the S/G ratios of 

both pristine lignins (Chapter 2, section B.4.2.2). The fact that LMP has a 

low S/G ratio underlines a majority of guaiacyl units within its structure 

(one methxoyl group in the aromatic ring), whereas the higher S/G ratio 

of LAS highlights a preponderance of syringyl moieties (two methoxyl 

groups in the aromatic ring). Thus, it is clear that a major amount of free 

positions in the aromatic rings will be available in LMP compared to LAS. 

In the reaction between lignins and glyoxal and formaldehyde, the 

hydroxymethyl (-CH2OH) groups are normally introduced in the C3 

and/or C5 position of the aromatic rings259,260. Accordingly, the LMP 

lignins with more free positions in their aromatic rings would facilitate the 

process of activation, leading to a higher extent of glyoxalation. 
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Besides, it was evidenced in both cases that the formulations with higher 

amounts of glyoxal added (LGS3 and LGS6) were the ones with a higher 

degree of glyoxalation and thus more activated. Accordingly, these 

formulations were selected for performing the process of modification 

with inorganic nanoparticles. The process of hybridization or modification 

of lignins with the inorganic nanoparticles was evaluated as well by FTIR 

analysis to determine the main structural differences between the 

activated lignins before and after the addition of the inorganic 

compounds. Thus, it was possible to elucidate whether the nanoclay 

(OMMT) and the nanosilicate (POSS®) were introduced into the lignin 

structure and whether the substitution of the functional groups happened. 

In Figure 30, the spectra of the different formulation of lignins modified 

with the inorganic nanoparticles are shown.

 

Figure 30. Comparison of the spectra from glyoxalated lignins before and after 
the addition of inorganic nanoparticles: a) almond shells lignin with OMMT b) 
maritime pine lignin with OMMT, c) almond shells lignin with POSS® and d) 
maritime pine lignin with POSS®. 
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Additionally, the spectra of the nanoparticles are displayed as well and 

presented as reference. The spectra range selected was between 1900 and 

400 cm-1 to highlight the bands showing the most significant changes. 

It was seen in the previous figure that new bands derived from OMMT 

and POSS® appeared in the lignins after the process of hybridization. 

Nevertheless, some differences were observed depending on the type of 

nanoparticles used. In the case of lignins modified with OMMT, two main 

bands were highlighted at 460 cm-1 and 520 cm-1. The first one corresponds 

to a deformation of Si-O-Si bonds261 whereas the second band to Si-O-Al 

linkages of the layered-structure of montmorillonite 262. On the other hand, 

the lignins modified with POSS® showed four new bands at 499 cm-1, 695 

cm-1, 890-895 cm-1 and 1423 cm-1 associated with Si linkages. These are 

linked to Si-O bending263, Si-C stretching264, Si-OH bending265 and Si-Ph 

stretching266 vibrations respectively. Another new band was seen in the 

modified lignin spectra at 740-745 cm-1 related to C-H deformations of 

aromatic rings from POSS® structure. In all the lignins modified with 

inorganic nanoparticles, both OMMT and POSS ®, a strong band was 

observed at 1100-1000 cm-1. This band, which corresponds to Si-O-Si 

symmetric stretching, was overlapped with that of glyoxalated lignins 

attributed to C-O stretching and deformation of primary and secondary 

alcohols. This phenomenon was also observed in another work by Zhang 

et al., 2013 267. Considering the mentioned variations in the spectra of the 

lignins modified with inorganic nanoparticles, a possible reaction between 

the glyoxalated lignins and the inorganic nanoparticles was presented. 

Thus, it was proposed that the components could be reacting through their 

hydroxyl groups by means of a condensation reaction. This was based on 

several observations from the spectra of the different lignins, OMMT and 

POSS®. On the one hand, the OMMT showed two small peaks at 917 and 

885 cm-1 attributed to the in-plane vibration of the hydroxyl groups of 

AlMgOH and AlAlOH respectively268 and those peaks disappeared from 

the original spectra to the lignin modified with this nanoparticle. 
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A similar tendency was seen for the band of POSS® related to the bending 

vibrations of hydroxyl groups linked to Si, whose intensity considerably 

decreased from the original POSS® spectra for the lignins modified with 

this nanoparticle. In another work by An et al., 2018 269 an analogous 

explanation to the previous ones was described concerning the reaction of 

the hydroxyl groups between montmorillonite and a lignocellulosic 

compound to form a nanocomposite. Besides these facts, it was observed 

that the intensity of the band corresponding to the total hydroxyl groups 

(≈3400 cm-1) decreased from the spectra of the glyoxalated lignins to the 

spectra of the lignins modified with OMMT and POSS®, as shown in 

Figure 31. 

 

Figure 31. Comparison of the band corresponding to total hydroxyl groups 

between glyoxalated lignins and lignins modified with inorganic nanoparticles: 

LG3A-(a), LG3B-(b) and LG6A-(c), LG6B-(d). 
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This decrease in the intensity of the band from one spectrum to the other 

was attributed to the above-mentioned condensation reaction between the 

lignins and the inorganic nanoparticles through the hydroxyl groups. 

Thus, when the OMMT and POSS® were linked to the lignin structure 

they may be attached to the different types of hydroxyl groups present in 

the glyoxalated lignins, lowering the amount of these functional groups 

and accordingly reducing the intensity of the band in the infrared spectra. 

From these results, it was confirmed that both OMMT and POSS® were 

introduced into the structure of the lignins and therefore the formation of 

the organic-inorganic hybrid was achieved based on activated lignins and 

inorganic nanoparticles. 

A.4.2 High-performance size exclusion chromatography analysis 

(HPSEC) 

The molecular weight of the pristine lignins and that of the lignins after 

glyoxalation and modification with inorganic nanoparticles was 

elucidated to evaluate the size variations of the lignin structures. The 

results derived from this analysis are displayed in Figure 32. It was 

observed a clear difference between the molecular weights of the pristine 

lignins (PL) the glyoxalated (G1-3) and the hybridized lignins (H1-2). After 

the reaction with glyoxal, the molecular weights increased considerably 

since they were almost doubled in both cases. This was attributed to the 

condensation between cleaved and uncleaved lignin units through 

glyoxylene bridges as reported by Navarrete et al., 2012 270. 
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Figure 32. Molecular weights of the lignins before modification, after glyoxalation 
and after modification with inorganic nanoparticles. PL: pristine lignins, G1: 
glyoxalation conditions of LG1 and LG4, G2: glyoxalation conditions of LG2 and 
LG5, G3: glyoxalation conditions of LG3 and LG6, H1: hybridization with OMMT, 
conditions of LG3A and LG6A and H2: hybridization with POSS ®, conditions of 
LG3B and LG6B. 

As it was stated in the previous section, during the glyoxalation reaction, 

hydroxylmethyl groups are introduced in the free positions of the 

aromatic rings of the lignin units. Then those lignin units can follow a 

condensation reaction through the hydroxymethyl groups forming 

ethylene bridges, based on the results reported by Hussin et al., 2019 260. A 

possible reaction path for these reactions is proposed in Figure 33. 

 

Figure 33. Mechanism proposed for the reaction between lignin units and glyoxal. 
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Concerning the different glyoxalated lignins, no significant differences are 

regarded between them in terms of molecular weights. Thus, the 

increment of the glyoxal content along the glyoxalated lignins might 

contribute mainly to the introduction of hydroxymethyl groups in the 

lignin units rather than to further condensations, which could grow the 

molecular weights of the lignins. This would be in agreement with the 

increase of the OH groups proved with FTIR analysis. 

Regarding the lignins modified with inorganic nanoparticles, none of the 

molecular weights showed any significant differences compared with the 

glyoxalated lignins. This was because, during the modification process, 

5% of nanoparticles were added based on the weight of lignin. Since these 

nanoparticles do not have big molecular weights, the values for the 

hybridized lignins remain almost unmodified. 

A.4.3 1H-NMR spectroscopy analysis of the lignins 

The structural changes of the lignins before and after the glyoxalation 

were regarded by analyzing their 1H-NMR spectra. Before this analysis, 

the peaks were normalized to the highest intensity. In Figure 34, the 

spectra of the lignin samples before and after modification are shown. 

During the glyoxalation, some of the bands from the pristine lignins were 

modified owing to the structural changes induced by the reaction of 

lignins with glyoxal. The main differences in the spectra of the modified 

lignins were regarded especially between 4 and 5.5 ppm. Within this 

region, a moderate to strong signal was observed at 4.5 ppm, which could 

be associated to the hydroxyl proton of hydroxymethyl groups (-CH2OH). 

To confirm that this signal is due to a hydroxyl group, the same 

methodology mentioned in Chapter 2, section B4.2.4 based on the addition 

of TFA (Annex III section III.6.2.1) was employed. 
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Figure 34. H-NMR curves of the original (LAS and LMP) and glyoxalated lignins 
(LG3 and LG6) focusing on the different parts of the spectra: a) aliphatic H+ (range 
0-3 ppm), b) methoxyl and lignin interunits linkages H+ (range 3-6 ppm), and c) 
aromatic and hydroxyl H+ (range 6-10 ppm). 

Following this method, the previous hypothesis was proved as shown in 

Figure 35. This was in agreement with the introduction of hydroxyl groups 

mentioned in section A.4.1 and observed in the infrared spectra. The rest 

of the peaks detected within this section of the spectra, were related to the 

methylene or glyoxalene groups, both linked and non-linked to hydroxyl 

groups. The latter ones would be associated with linkages between lignin 

small fractions to form a bigger structure. This assumption was in 

accordance with the condensation of lignin moieties through glyoxalene 

bonds stated in section A.4.2. 
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Figure 35. Determination of the peaks of protons from hydroxyl groups: a) 
glyoxalated lignin from almond shells (LG3) and b) pristine lignin from maritime 
pine (LG6). 

The other major divergences were seen in the last part of the spectra 

(Figure 34c). Here it was observed that the width of the peak due to 

aromatic protons (6-8 ppm) was reduced after reaction with glyoxal. A 

similar tendency was regarded for the signals of the aromatic hydroxyl 

groups (8-9 ppm), but in this case, they disappeared after glyoxalation. 

This can indicate that some of the linkages formed between lignin moieties 

via glyoxalene bridges may occur through the H and some of the OH of 

the aromatic rings. On the other hand, a narrow and intense peak 

appeared in both cases after glyoxalation at 8.4-8.5 ppm. This peak was 

related to the reaction of glyoxal and lignin. Capraru et al., 2012 271 pointed 

out an analogous trend in the same range for the reaction of lignin and 

formaldehyde. Finally, peaks at 9.3 ppm and 9.4 ppm appeared after the 

lignin modification. These peaks, which have the typical shift of aldehyde 

protons272, could be attributed to aldehyde compounds derived from some 

residual glyoxal or glyoxal oligomers remaining unreacted. 
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A.4.4 X-ray diffraction analysis of the lignins 

The X-ray diffraction analysis was carried out for the lignin samples 

modified with inorganic nanoparticles to evaluate the introduction of the 

nanoparticles into the lignin structure. The diffractograms obtained from 

the XRD analysis were normalized to the highest intensity prior to any 

assessment. Then the FitPeak 4.12 signal processing software was used to 

perform the fit of the curves from the diffractograms. The numerical fitting 

was done with a correlation of 0.999±0.012. In Figure 36, the normalized 

diffraction patterns of nanoparticles, pristine and modified lignins are 

displayed. Results from indexing and phase identification are presented 

in Tables 36 and 37. 

 

Figure 36. Diffractograms of the different lignins modified with inorganic 
nanoparticles: a) LAS modified with OMMT, b) LMP modified with OMMT, c) 
LAS modified with POSS® and d) LMP modified with POSS®. 

Concerning the organically modified montmorillonite, the peaks with the 

highest intensities were regarded between 0-10° 2θ. 
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Here it could be highlighted the peaks at 3.29° and 4.96° related to the 

silicate structure and the organic modifier present in the nanoclay 

(dimethylbenzylhydrogenated tallow ammonium) respectively273,274. In 

the next range (2θ between 10-30°), considerable intensities were observed 

as well. Within this region, the peaks at 20.04° and 22.04° were remarked, 

which were attributed to the planes 020 and -111 respectively. They are 

typical from the montmorillonite as reported in various works275,276. 

Beyond 2θ=35°, other important planes at -201 and -131 of monoclinic 

montmorillonite were seen. 

Table 36. Indexing of the different peaks obtained from the DRX analysis for 

OMMT 

2θ (°) 
Amplitude 

a.u. 
dspacing 

(Å) 
h k l Phase 

Type of 
signal 

Source 

3.29 0.71 26.89 0 1 0 MMTa SB Calculated 

4.48 1.00 19.70 0 1 0 43Bb VSA 
Esposito et 
al., 2015 277 

4.96 0.93 17.83 -1 0 0 MMTa VSA Calculated 

5.79 0.20 15.25 0 0 1 MMTa VWD Calculated 

6.66 0.07 13.27   VWD  

8.88 0.03 9.96 0 0 1  VWD Calculated 

15.62 0.03 5.67   VWD  

17.27 0.04 5.14 0 0 2  VWD Calculated 

18.38 0.08 4.83 1 1 0  VWD  

19.12 0.11 4.64   VWD Calculated 

20.04 0.64 4.43 0 2 0 MMTa SB 
Gournis et 
al., 2008 275 

20.93 0.43 4.24 1 0 2  WC Calculated 

22.04 0.44 4.03 -1 1 1 MMTa WC 
Galimbeti et 
al., 2009 276 

23.04 0.17 3.86   VWD  

23.81 0.13 3.74   VWD  

24.52 0.18 3.63   VWD  

25.29 0.18 3.52   VWD  

26.19 0.11 3.40   VWD  

26.91 0.07 3.31 0 2 2  VWD Calculated 

27.63 0.09 3.23   VWD  

28.52 0.11 3.13 1 2 2  VWD Calculated 
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2θ (°) Amplitude 
a.u. 

dspacing 
(Å) 

h k l Phase Type of 
signal 

Source 

29.41 0.08 3.04 
  

VWD 
 

30.10 0.09 2.97 
  

VWD 
 

31.26 0.04 2.86 
  

VWD 
 

31.82 0.02 2.81 
  

VWD 
 

33.07 0.03 2.71 
  

VWD 
 

35.09 0.19 2.56 -2 0 1 MMTa VWD Calculated 

35.53 0.03 2.53 -1 3 1 MMTa VWD Calculated 

35.99 0.16 2.50 
 

MMTa VWD Calculated 

36.82 0.10 2.44 
 

MMTa VWD 
 

37.80 0.08 2.38 -2 0 2 MMTa VWD Calculated 

38.90 0.07 2.32 -1 1 4 MMTa VWD Calculated 

40.26 0.07 2.24 1 3 2 MMTa VWD Calculated 

41.16 0.05 2.19 2 0 2 MMTa VWD Calculated 

42.06 0.04 2.15 
 

MMTa VWD 
 

42.88 0.04 2.11 -2 2 2 MMTa VWD Calculated 

43.80 0.03 2.07 
 

MMTa VWD 
 

44.46 0.02 2.04 0 4 2 MMTa VWD Calculated 

45.20 0.03 2.01 
 

MMTa VWD 
 

46.96 0.01 1.93 2 0 3 MMTa VWD Calculated 

54.23 0.06 1.69 1 5 0 MMTa VWD Calculated 

54.97 0.04 1.67 3 1 1 MMTa VWD Calculated 

55.65 0.01 1.65 0 0 6 MMTa VWD Calculated 

57.06 0.01 1.61 -1 3 5 MMTa VWD Calculated 

61.99 0.01 1.50 1 1 6 MMTa VWD Calculated 

aMMT: planes related to monoclinic montmorillonite structure 
b43B: plane related to the organic modifier (dimethylbenzylhydrogenated tallow 

ammonium) 
AVS: very strong, BS: strong, CW:weak, DVW: very weak 

In both modified lignins with OMMT (LG3A, LG6A), the contribution of 

the first peaks in the range 2θ=0-10° (owing to the silicates) was clearly 

visible. However, the peaks corresponding to the planes in the range 

2θ=15-30° were only present in the modified lignin from maritime pine 

(LG6A) and not in that from almond shells (LG3A). This was observed 

specially in the peak of OMMT at 2θ=20.04°, which was shifted in the 

modified lignin (2θ ≈18.5°). 
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This may be caused by a better interaction between the lignin from 

maritime pine and the OMMT, owing to its structure with more free 

positions in the aromatic rings thus having higher activation. This 

tendency was also observed and explained in the lignin modified with 

POSS® presented afterwards. In the range 2θ=30-50°, the contribution of 

planes of the monoclinic montmorillonite was present in both modified 

lignins but it was again more perceptible in the case of LG6A. 

Concerning the polyhedral oligomeric silsesquioxane, several peaks were 

observed in the region 2θ=0-10°. Weak signals at 6.54° and 8.99° and strong 

a one at 7.53° 278, corresponding to the triclinic structure of trisilanol phenyl 

(TS-Ph), were identified. Besides a peak at 7.96° attributed to the 

rhombohedral structure of POSS® was seen. In the range 2θ=10-20°, strong 

to weak signals were highlighted at 14.53°, 17.00°, 19.43° and 19.98°, which 

were associated to the trisilanol phenyl structure (TS-Ph) as well. Beyond 

2θ=20°, the majority of the signals were attributed to rhombohedral planes 

of POSS® 279. 

Table 37. Indexing of the different peaks obtained from the DRX analysis for 

POSS® 

2θ (°) 
Amplitude 

a.u. 
dspacing 

(Å) 
h k l Phase 

Type of 
signal 

Source 

6.54 0.10 13.52 1 -1 0 TS-Pha WC Calculated 

7.53 1.00 11.75 1 0 -1 POSSb VSA 
Barry et al., 

1955 278 
7.96 0.79 11.10 1 0 -1 POSSb VSA Calculated 

8.99 0.31 9.83 1 1 0 TS-Pha WC Calculated 

9.75 0.19 9.07 1 1 -1  VWD Calculated 

10.59 0.12 8.35 1 1 0 POSSb VWD 
Fu et al., 
2001 279 

11.57 0.09 7.65 2 0 0 POSSb VWD 
Fu et al., 
2001 279 

12.26 0.08 7.22 2 0 -1 TS-Pha VWD Calculated 

12.91 0.11 6.86 2 0 0 POSSb VWD 
Fu et al., 
2001 279 

14.53 0.31 6.10 -2 2 1 TS-Pha WC Calculated 
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2θ (°) 
Amplitude 

a.u. 
dspacing 

(Å) 
h k l Phase 

Type of 
signal 

Source 

15.47 0.08 5.73 2 0 2 POSSb VWD 
Fu et al., 
2001 279 

17.00 0.23 5.22 2 2 0 TS-Pha WC Calculated 

17.93 0.14 4.95  POSSb VWD  

18.57 0.23 4.78 2 2 1 POSSb VWD 
Barry et al., 

1955 278 
19.43 0.52 4.57 2 2 -2 TS-Pha SB Calculated 

19.98 0.26 4.44 3 0 2 TS-Pha WC Calculated 

20.89 0.23 4.25 3 1 -2 POSSb VWD 
Fu et al., 
2001 279 

22.33 0.19 3.98 2 3 0 TS-Pha VWD Calculated 

23.19 0.18 3.84 4 0 0 POSSb VWD 
Barry et al., 

1955 278 

23.67 0.18 3.76 4 -1 -1 POSSb VWD 
Fu et al., 
2001 279 

25.33 0.07 3.52 1 2 4 POSSb VWD 
Barry et al., 

1955 278 

26.37 0.17 3.38 3 2 1 POSSb VWD 

Barry et al., 
1955 278  

Fu et al., 
2001 279 

27.93 0.02 3.20 3 2 2 POSSb VWD 

Barry et al., 
1955 278  

Fu et al., 
2001 279 

29.58 0.06 3.02  POSSb VWD  

31.39 0.07 2.85 4 0 -4 POSSb VWD Calculated 

32.81 0.04 2.73  POSSb VWD  

aTS-Ph: planes related to triclinic trisilanol phenyl structure 
bPOSS: planes related to the rhombohedral polyoligomeric silsesquioxane structure 
AVS: very strong, BS: strong, CW:weak, DVW: very weak 

Respecting the lignins modified with POSS (LG3B and LG6B), in the range 

2θ=0-10° the contribution of the signal corresponding to rhombohedral 

POSS structure was seen in both lignins. Nevertheless in the next region 

(2θ=10-20°), the contributions due to trisilanol phenyl (TS-Ph) at 19.43° and 

19.98° were more evident (more pronounced signals at those scattering 

angles) in the case of modified lignin from maritime pine (LG6B). 
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Furthermore, the relative intensity of the broad curve associated with the 

amorphous structure of lignin was reduced around 15% in this same 

modified lignin. Thereby, in the case of the modified lignin from maritime 

pine (LG6B) there was a higher predominance of the organic-inorganic 

modified structure of lignin compared to the modified lignin from almond 

shells (LG3B). This would mean that the extent of insertion of the inorganic 

nanoparticles was higher in the LG6B than in LG3B. This tendency was 

attributed to the fact that pristine lignin from maritime pine presents more 

free positions in the aromatic rings than the lignin from almond shells; 

owing to the prevalence of guaiacyl units, as commented in the section 

A.4.1. Thereby a higher degree of activation was achieved during the 

glyoxalation for those lignins. For this reason, the introduction of the 

inorganic nanoparticles into the lignin matrix was higher compared to the 

almond shells lignin, which presents a lower degree of activation. 

A.4.5 Thermogravimetric analysis of the lignins 

This analysis was carried out to assess the thermal performance of the 

lignins after chemical modification with glyoxal and after the 

incorporation of the inorganic nanoparticles. 

The curves from the thermogravimetric and derivative thermogravimetric 

analyses are presented in Figure 37. The main thermal parameters 

determined from the previous curves are listed in Table 38. After 

glyoxalation, it was clear that the structure of the lignins was changed as 

new degradation stages, which were not present in the pristine lignins, 

appear. Thereby, in glyoxalated lignins four main events were regarded 

during the thermal degradation. The first one was associated with the 

evaporation of moisture and volatiles and appeared at the same range of 

temperatures described for the pristine lignins (Chapter 2, section B4.2.6). 

Nevertheless, the rate of degradation of this step was increased compared 

to that of unmodified lignins. Accordingly, the initial degradation 

temperature (T5%) considerably decreased compared to that of pristine 

lignins (Table 38). 
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Figure 37. Curves from the thermal analysis of the different lignin samples before 
and after modification: a) thermogravimetric curves of lignins from almond 
shells, b) derivative thermogravimetric curves of lignins from almond shells, c) 
thermogravimetric curves of lignins from maritime pine, and d) derivative 
thermogravimetric curves of lignins from maritime pine. 

This decrease observed in the glyoxalated lignins could be attributed to 

the presence of unreacted glyoxal and glyoxal dimers or trimers in a 

smaller percentage, which was not in the pristine lignins. The second stage 

of degradation was observed between 295-310 ºC. Since this step appeared 

only in the glyoxalated samples, it was related to the reaction between 

lignin and glyoxal. Thus, this step could be attributed to the formation of 

new lignin condensates of smaller molecular weight after the crosslinking 

between the lignin moieties by means of methylene bridges as reported by 

Ang et al., 2015 280. The third event (360-363 ºC) was related to degradation 

of the glyoxalated lignin structure. In comparison to the pristine lignins, 

this temperature of degradation was decreased. 
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This may be due to the introduction of more hydroxyl groups, which 

would increase the susceptibility to thermal decomposition281. The last 

stage of degradation (450-500 ºC), was derived from the glyoxalation 

reaction and therefore it was again present only in the lignin samples 

modified with glyoxal. An extra step of decomposition at 240 ºC was 

regarded in LG6 following the same tendency of LMP mentioned in the 

previous chapter. 

Table 38. Main thermal degradation parameters of the different lignins. 

 

TGA Analysis 
DTGA Analysis 

(Temperatures of degradation ºC) 

T5% 

(ºC) 

T50% 

(ºC) 

Residue 

(%) 

1st 

Stage 

2nd 

Stage 

3rd 

Stage 

4th 

Stage 

5th 

Stage 

LAS 221.97 456.22 35.89 148.18A 385.84C    

LG3 116.09 477.63 40.22 137.25A 303.94B 360.78C 503.79D  

LG3A 121.43 505.96 42.45 137.23A 293.49B 358.94C 510.78D  

LG3B 122.28 513.44 42.58 137.11A 298.64B 359.84C 507.85D  

LMP 237.23 435.30 33.18 137.05A 258.33 389.72C   

LG6 116.37 481.87 41.54 145.24A 239.15 308.01B 363.45C 458.80D 

LG6A 129.89 509.65 42.55 141.02A 250.01 309.61B 376.14C 475.60D 

LG6B 131.11 494.54 41.07 142.52A 256.54 309.46B 380.74C 468.85D 

AStage of degradation related to the moisture and volatiles decomposition 
BStage of degradation related to the decomposition of lignin polymers of low molecular 

weight formed during the glyoxalation 
CStage of degradation related to the decomposition of the main lignin structure 
DStage of degradation related to the decomposition of the condensed structure formed after 

glyoxalation 

The lignins modified with inorganic nanoparticles displayed some 

differences concerning the thermal behavior, compared to the glyoxalated 

ones. Regarding the initial degradation temperature (T5%), an increment 

was observed after the addition of inorganic nanoparticles. 
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This was due to the hydrophobicity of the integrated inorganic 

nanoparticles, which incremented the temperatures of the first stage of 

degradation (moisture evaporation). Since T5% was located within this 

stage an increase was observed in the values of these temperatures after 

the addition of the nanoparticles. This tendency was also seen for the 

temperature at which half of the mass was lost (T50%). In this case, the 

increase in the T50% was associated with the attachment of the inorganic 

nanoparticles to the lignin structure, which improved the thermal 

resistance of the modified lignins (up to 30ºC more in the most favorable 

case). These trends were regarded in both types of lignins. The residues 

remaining after thermal degradation were between 33-42% and slightly 

higher in the modified lignins than in the pristine ones. Concerning the 

stages of degradation, lignins modified with inorganic nanoparticles 

showed the same ones described for the glyoxalated lignins. Nonetheless, 

not the same results were obtained for both types of lignins. In the case of 

LAS, the temperatures of degradation remained constant or slightly 

increased from the glyoxalated lignin (LG3) to the lignins modified with 

inorganic nanoparticles (LG3A and LG3B). On the other hand, in the case 

of LMP the stages of degradation were delayed in the lignins modified 

with inorganic nanoparticles (LG6A and LG6B) compared to the 

glyoxalated one (LG6). This tendency was more noticeable in the last 

stages of degradation. In the step of degradation associated with the lignin 

structure (≈360 ºC), the temperature of decomposition was increased 

between 10-15 ºC. In addition to that, in the last stage of degradation (due 

to lignin modification with glyoxal) the degradation temperature was 

delayed 15-20 ºC. Thereby it was confirmed that the introduction of the 

nanoclay and nanosilicate particles did improve the thermal behavior of 

the lignins especially that of LMP. These results concur with those 

observed in the XRD patterns, linking directly proportionally the higher 

thermal stability to the presence of inorganic agents. 
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A.5 Conclusions 

The results presented in this part displayed the structural modification of 

the lignins from different origins via glyoxalation and modification with 

inorganic nanoparticles. On the one hand, the glyoxalation reaction 

resulted in an increase of hydroxyl groups within the lignin structure and 

in the formation of condensates between lignin small units by means of 

methylene bridges. These phenomena were verified mainly by the FTIR 

and 1H-NMR analyses. On the other hand, the introduction of the 

nanoparticles and their substitution into the structure of lignin was 

confirmed as well, as shown in the results from the FTIR and XRD 

analyses. Accordingly, it was observed that the activation of the lignin 

through the reaction with glyoxal succeeded assisting the incorporation of 

the inorganic phases into the organic polymer matrix. Moreover, these 

inorganic phases were proved to enhance the thermal behavior of the 

organic-inorganic hybrid by delaying the temperatures of degradation, 

especially in the case of lignin derived from maritime pine. 
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Part B. Synthesis of biosourced phenolic 

resins 

B.1 Motivation 

The current major role of the phenolic resins in the industry for different 

applications is well known. These resins are traditionally obtained from 

compounds coming from fossil sources. Nevertheless, owing to strict 

limitations and environmental reasons, there is an ongoing tendency 

towards the utilization of biosourced phenolic resins at an industrial level. 

Accordingly, toxic and non-renewable raw materials e.g. phenol or 

formaldehyde, are replaced by others with similar chemical compounds 

obtained from natural and renewable sources. In this part, the transition 

from synthetic to biosourced phenolic resins is introduced first. Then the 

process of synthesis of the biosourced resins from activated lignin and 

tannins is presented. The mentioned resins are chemically characterized 

by various parameters employed nowadays in the industry and a 

comparison with other synthetic resins is provided. Finally, a thermal 

analysis of the liquid resins is carried out, to assess the influence of the 

different components and evaluate the performance of the resins prior to 

and during the curing process. 

B.2 Background 

Phenolic resins have a long history with over 100 years since their 

discovery. They were the first synthetic resins obtained, by means of the 

polycondensation reaction between phenol and aldehydes. Over the 

years, several advances have taken place contributing to better knowledge 

and the development of these systems (Table 39), which have allowed to 

their employment in several applications. 
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Table 39. Timeline of the most relevant events related to the phenolic resins since 

their discovery. 

Years Events 

1872 Bayer first reported the reaction between phenol and 
aldehydes. 

1894 Lederer and Manasse reported the formation of –ortho 
and –para phenols from the reaction of phenol and 
formaldehyde under basic conditions. 

1902 Production of novolacs industrially via phenol resin 
condensation by Blumer. 

1909 The production of the first plastic via 
polycondensation of phenol and formaldehyde is 
reported by Baekeland. 

1910 Production of oil-soluble modified phenolic resins by 
Behrends, via the addition of rosin to the general 
phenol-formaldehyde polycondensation. 

1928-1931 Treatment of resol resins with fatty acids to obtain air-
drying varnishes. 

1930-onwards Theoretical work on the mechanisms of formation of 
phenolic resins leading to the development of new 
application areas for phenolic resins. 

Sources: Hesse et al., 2005 282 and Pilato et al., 2013 283. 

Nowadays, these resins play a prominent role in the chemical industry, 

being one of the most extensive commodity resin systems with a 

worldwide production of 6 million ton/year approximately283. In fact, 

within the European market of thermoset resins they are the most 

distributed just after urea-formaldehyde resins (UF) for different 

applications, as shown in Figure 38. 
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Figure 38. Distribution of the main thermoset resin systems along Europe284. 

They are commercialized in various areas of the industry, with a wide 

extent of product applications. Some examples are their use as composites 

and nanocomposites in the automotive and aircraft industry284 ; agents in 

the paint, coating and adhesive industry285; binders in the processing of 

different materials286,287; insulators288 and laminates289. 

Concerning their physical-chemical properties, phenolic resins can 

present a coloration ranging from yellow to intense brown colour. They 

also display a wide range of solubility from water-soluble to naphta-

soluble. They are generally classified into two different types, namely 

resole and novolac resins, based on the amount of the components and the 

reaction conditions (Figure 39). Apart from these general types other have 

been reported such as benzoxazines and cyanate esters290. 
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Figure 39. Types of phenolic resins depending on their synthesis. 

• Resole resins: this type of phenolic resins is synthesized with an 

excess of formaldehyde respect to phenol and under alkaline 

conditions. In this case, the characteristic groups formed after 

polycondensation are hydroxymethyl groups and dimethylene 

ether bridges. These resins can be polymerized with heat and with 

or without the action of a hardener. 

• Novolac resins: these of resins are obtained with an excess of the 

phenol respect to formaldehyde and under acidic conditions. 

Unlike the previous type, they require a curing agent for the 

process of polymerization. After polymerization, the units are 

linked by means of alkylidene bridges. 

From the above information, it is clear that the synthetic phenolic resins 

are well settled in the industry. Nonetheless, in recent years these 

synthetic resins are being subjected to rising limitations, partly owing to 

the strict exposure regulations but also because they are mainly derived 

from non-renewable sources. 
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Consequently there is a current growing tendency to promote the 

substitution of their components by other with natural origin and more 

environmentally friendly. These new phenolic resins in which the 

components are obtained from renewable, natural or non-oil-derived raw 

materials are referred to as biosourced phenolic resins291. Here two 

strategies are exploited at the present: the substitution of formaldehyde 

for aldehydes with less toxicity and similar performance and the use of 

natural or renewable compounds of phenolic nature292. With respect to the 

former point, glyoxal and glutaraldehyde are interesting alternatives as 

reported in various works from the literature293,294. Glyoxal is the substitute 

to formaldehyde generally used, owing to its low toxicity, low volatility 

and the possibility of being be produced from natural sources. Moreover, 

its bifunctionality makes it an efficient crosslinker and therefore a perfect 

candidate for the synthesis of formaldehyde-free resins295. Glutaraldehyde 

also represents another significant alternative, since it is able to react with 

several functional groups of proteins or cellulose296,297. Besides, it 

constitutes the second most important dialdehyde after glyoxal296. 

Table 40. Examples of the main compounds commercialized as phenol 

replacement in biosourced phenolic resins. 

Origin Compound 

Woody plants and algae Tannins 

Woody plants and by-product 

from pulp and paper industry 

Lignins 

Woody plants Carbohydrates (cellulose, starch 

and hemicellulose) 

Cashew nut shell liquid Cardanol and derivatives 

Vegetal protein (soy and soybean) Triglycerides (“Soyoil”) 

Animal hide, bones and fish Proteins (casein) 
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Concerning the latter point there are several phenolic compounds offering 

interesting possibilities as an alternative to phenol (Table 40). From the 

previous examples, the ones more extensively used for biosourced 

phenolic resins are tannins and lignins. In the case of tannins-based resins, 

they are already established in the market for example as adhesives298. This 

is because tannins can provide similar interactions to aldehydes and 

reactivity, due to their structure299. On the other hand, the resins derived 

from lignin are on the slow way to commercialization. The reason for that 

is that lignin has a more complex structure compared to the one of phenol, 

moreover it has some of its functionalities impeded, and therefore it 

presents a lower reactivity. For this reason, although the use of lignins as 

a phenol substitute in phenol-formaldehyde resins has been widely 

studied300,301, they generally need a step of functionalisation prior to their 

substitution302. 

It was mentioned before that biosourced phenolic resins derived from 

tannins are well studied, developed and have proved their efficacy in 

several applications. Nevertheless, they display the disadvantage of 

competing with other tannin applications with higher added-value in 

areas such as medicine or pharmacology. For this reason, in recent years, 

the combination of tannins and lignin as a substitute for phenol in 

biosourced phenolic resins has been reported303–305. The employment of 

both compounds as an alternative to phenol allows the utilization of lower 

amounts of tannins to avoid competition against their other applications, 

as well as the valorisation of lignin, which is nowadays an underutilized 

compound with significant potential. 

Considering the previous points, in this part the synthesis of biosourced 

phenolic resins was designed. Lignin and tannins were chosen as 

substitutes to phenol, whereas glyoxal was used as alternative to 

formaldehyde. The lignin from maritime pine residues (extracted and 

characterized in Chapter 2) was selected for its favourable properties and 

performance after functionalization compared to the lignin from almond 

shells, as it was presented in Part A of this Chapter. 
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The tannins employed were those of commercial mimosa extract, 

introduced previously in the last part of Chapter 2. The biosourced 

phenolic resin synthetized was of resole type, since excess of glyoxal was 

used compared to the lignin (phenol alternative) and basic conditions (pH 

12-12.5) were set. These alkaline conditions are reported to favour the 

reactivity of the tannins in the reaction medium as well306. Besides, 

hexamine was selected as a hardener or curing agent to promote the 

reaction between both lignin and tannins. 

B.3 Experimental procedure 

In the next subsections are described the materials used, the process 

followed for the synthesis of the biosourced phenolic resins and the 

techniques of analysis. 

B.3.1 Raw materials and reagents 

For the synthesis of the biosourced phenolic resins, lignins and tannins 

were employed as main raw materials. The lignins employed was that 

extracted from maritime pine residues (Chapter 2, Part B) and subjected to 

functionalization via glyoxalation a later hybridization with a nanoclay 

(OMMT) and a nanosilicate (POSS) (Chapter 3, Part A). The tannins used 

were a commercial extract from mimosa (Acacia mearnsii), which were 

supplied Tanacinc (Brazil) under the commercial name Tanfood. 

Hexamethylenetetramine (≥99%), sodium hydroxide pellets and acetone 

(≥99%), which were kindly provided by Sigma Aldrich, were utilized as 

well as a reagent during the process of synthesis. 

B.3.2 Synthesis of the biosourced phenolic resins 

The biosourced phenolic resins were obtained by using lignins and 

tannins as substitutes to phenol. Hexamine was employed as curing agent 

for the reaction, owing to the reported efficiency towards mimosa 

tannins307. 



3. Functionalization of raw materials and synthesis of biosourced phenolic resins 
 

131 

An alkaline medium was set for the reaction, since it is known that the 

stability of hexamine is favored at higher pH. Moreover, the solution of 

mimosa tannins and hexamine in alkaline medium displays the advantage 

of having a significant pot life at ambient temperature308. The process of 

synthesis was based on a previous work by Mansouri et al., 2011 304. Two 

phases were elaborated separately, namely functionalized lignin and 

tannins solution, prior to their mixture for the synthesis of the resin. Three 

different formulations were obtained based on the functionalization to 

which lignins were subjected (Table 41). 

Table 41. Formulations of the biosourced phenolic resins obtained based on the 

type and amount of their components. 

Formulation 
Components (% w/w) 

Lignin Tannins Nanoparticles 

RREFERENCE 
50 

glyoxalated 
50 0 

RA 
48.78 

glyoxalated+hybridized 
48.78 

2.44 
OMMT 

RB 
48.78 

glyoxalated+hybridized 
48.78 

2.44 
POSS 

The phase of the functionalized lignin was obtained by using the 

organosolv lignin extracted from the maritime pine residues and 

following the processes described in sections A.3.3.1 and A.3.3.2 for the 

glyoxalated and hybridized lignins respectively. For the phase of the 

tannins, a mimosa tannin solution was first prepared with a concentration 

of 45% (w/w) in aqueous acetone 70% (w/w). Then the pH of the solution 

was set between 10-10.5 by adding sodium hydroxide aqueous solution 

33% (w/w). Then the hardener was prepared as aqueous hexamine 

solution 30% (w/w). This solution of the hardener was added to the 

solution of the tannins at set pH, based on 5% hexamine solids per tannin 

solids. Once both the functionalized lignin phase and that of mimosa 

tannins were prepared, they were mixed in proportion functionalized 

lignin: mimosa tannin of 1:1 by weight at ambient temperature (25ºC) and 

left with magnetic agitation (550 rpm) during 45-60 min. 
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B.3.3. Characterization methods 

The main techniques of analysis used for the characterization of the 

different formulations of biosourced phenolic resins are displayed in Table 

42. 

Table 42. Characterization methods used for the assessment of the main 

characteristics and performance of the synthesized resins. 

Component Analysis Technique Annex Section 

Resins 

Physical-

chemical 

parameters 

ρA 
Annex II 

II.1.1 

pH II.1.2 

µB 

Annex V 

V.1.1 

NVCC V.1.2 

Amount of 

hydroxyl 

groups 

Hydroxyl 

number 
V.2 

Degree of 

acidity or 

alkalinity 

Acid/Alkalinity 

number 
V.3 

Thermal 

analysis of 

curing 

DSCD V.4 

TGAE Annex III III.5 

Aρ: density, Bµ: dynamic viscosity, CNVC: non-volatile content, DDSC: differential 

scanning calorimetry, ETGA: Thermogravimetric analysis. 

B.4 Results and discussion 

In the next sections, the results obtained from the characterization carried 

out for the different formulations of the biosourced phenolic resins are 

shown and discussed. 
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B.4.1 Chemical characterization of the resins 

The resins were first characterized for the typical physical-chemical 

parameters and the results are shown in Table 43. 

Table 43. Physical-chemical parameters determined for the different formulations 

of the biosourced phenolic resins. 

Formulation Density 

(g/cm3) 
pH 

Viscosity* 

(mPa∙s) 

NVC 

% (w/w) 

RREFERENCE 1.128±0.017 8.575±0.007 73.000±3.677 36.810±0.367 

RA 1.144±0.002 8.875±0.007 73.750±3.182 37.420±0.068 

RB 1.142±0.023 8.82±0.011 73.800±5.727 37.408±0.032 

*The values of the viscosity correspond to the fresh resins just after synthesis. 

With respect to the previous results, it was seen that the determined 

parameters presented values with no significant differences. Nevertheless, 

the differences detected, which at first sight may appear slight, followed 

analogous tendencies. The pH of the resins formulations showed rather 

alkaline values. This was expected since the pH of the tannins phase was 

set at 10.4. Besides the lignin, which was the other main raw material, was 

dissolved at an alkaline pH prior to the glyoxalation reaction. The fact that 

the pH was slightly reduced from that of the tannins phase was related to 

the acidic pH of glyoxal (2-3.5), which could have remained unreacted in 

the glyoxalated lignin phase. Concerning the densities of the different 

formulations, they were lower than the ones reported in the literature for 

other phenolic resins based on the phenol formaldehyde type309,310. This 

was due to the considerable amount of solvents employed in the synthesis 

of the different formulations (ratio Liquid/Solid>1). This had also a direct 

influence over the percentage of non-volatile compounds, which was 

lower than 50%. The values determined for this parameter were around 

40% and presented a slight increase in the formulations where inorganic 

nanoparticles were added, owing to the little increment of the solid 

content. 
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The values of the NVC were lower compared to other works from the 

literature311,312 and especially compared to the typical phenol 

formaldehyde resins313. The dynamic viscosity was another parameter 

displaying a similar tendency to the density and the non-volatile content, 

as all these parameters were interrelated and influenced by the solid 

content of the resins. Consequently, the values of the viscosity exhibited 

low values as well as compared with other similar phenolic resins 

reported in the literature314,315. On the other hand, the evolution of the 

viscosity was monitored, since this parameter is of significant influence 

over the potential applications of the resins. The results are shown in 

Figure 40. A clear tendency was observed concerning the viscosity of the 

different resins formulations during their pot-life. Thus, the values of this 

parameter tended to increase significantly after 1 and 2 weeks. This was 

attributed to the fact that as the time passed by the resins became more 

condensated, owing in part to the typical autocondensation reactions of 

the raw materials, especially tannins316 and in part to further condensation 

reaction between the main components of the resins (tannins and 

glyoxalated lignin phases). 

 

Figure 40. Evolution of the viscosity during the shelf-life of the resin. 
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The fact that the viscosity was increased to values near to 300 mPa∙s would 

be interesting for applications such as wood adhesives317. However, in 

other cases a high viscosity could lead to problems of application of the 

resin over the wood surface318. In our case, the objective was to use the 

resins as coatings (superficial treatment) and accordingly a lower viscosity 

would facilitate spreading the resins over the surface of wood. Moreover, 

it would allow some penetration of the resin into the wood to promote the 

interaction between their functional groups. For this reason, it was 

decided to employ the resin directly after synthesis for as coating. 

The resins were also characterized based on two important parameters 

namely hydroxyl value and alkalinity number. The former gives 

information about the number of free hydroxyl groups present in the 

material. The hydroxyl number is important since it is indicative of the 

reactivity of the resins. Furthermore, the presence of hydroxyl groups in a 

resin is convenient to enhance the ability to form a film for any coating 

material319. 

The latter gives a measure of the alkaline constituents of the resins. They 

are expressed in mgKOH/gsample and are determined by means of the 

equations (4-6). The results calculated for these parameters are shown in 

Table 44. 

Hydroxyl number =[(B-A)∙N∙56.1]/W               (4) 

where A=NaOH required for titration of the sample (mL) 

 B=NaOH required for titration of the blank (mL) 

 N=normality of the NaOH 

 W=weight of the sample 

Basic value =[(A-B)∙N∙56.1]/W                (5) 

where A=KOH required for titration of the sample (mL) 

 B=KOH required for titration of the blank (mL) 

 N=normality of the KOH 

 W=weight of the sample 

Hydroxyl number (corrected)= Hydroxyl number – Basic value            (6) 
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Table 44. Physical-chemical parameters determined for the different formulations 

of the biosourced phenolic resins. 

Resin Hydroxyl 
number 

(mgKOH/gsample) 

Alkalinity 
value 

(mgKOH/gsample) 

Hydroxyl 
numbercorrected 

(mgKOH/gsample) 

Reference 140.30±28.54 19.70±0.39 120.60±28.15 

RA 227.96±45.19 21.87±0.11 206.09±45.09 

RB 244.57±30.72 20.65±0.59 223.91±30.13 

In regard to the previous results it was observed that the hydroxyl number 

incremented in the resins in which the inorganic nanoparticles were 

added. This may be attributed to the additional hydroxyl groups present 

in the structure of the POSS and the OMMT. In general, the hydroxyl 

numbers of the different resin formulations presented considerable 

values, which were comparable or even higher than those of other 

phenolic resins reported in the literature (Figure 41). 

 

Figure 41. Hydroxyl values of the resins synthesized compared to other resins 
from the literature. HKT: hydroxylated ketonic resin, CDN: cardanol novolac 
resin, PE: polyester resin and PN: propargylated novolac resin. Information 
extracted from Marengo et al., 2004 320;Sunitha et al., 2013 321 and Uttaravalli et al., 
2018 322. 
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Special attention was put on the resins formulation RA and RB, which 

showed hydroxyl values significantly above the rest of the resins. These 

formulations would provide a considerable amount of these functional 

groups leading to suitable compatibility with the hydroxyl groups from 

the wood structure. Therefore, these formulations would be appropriate 

for their application as coating. 

B.4.2 Thermal analysis of the liquid resins 

In this part, the liquid resins were subjected to differential scanning 

calorimetry analysis (DSC) to assess the curing process and evaluate the 

differences derived from each formulation. The thermogravimetric 

analysis was performed as well to evaluate the thermal resistance of the 

resins formulation during the process of heating. 

B.4.2.1 Differential scanning calorimetry analysis (DSC) 

The calorimetry analysis was performed for the different formulations, 

namely Reference, RA and RB, but also for their single components 

glyoxalated lignin (GL) and tannins solution (TS). 

 

Figure 42. Diagrams of the calorimetry analysis for the resins formulations and 
components. 
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In Figure 42, the diagram of the heating process is shown for the resins 

and their components. The same phenomena were observed for both. In 

the first range, the Tg was detected followed by an endothermic peak of 

great intensity, which was related to the evaporation of the liquid phase 

of both the components and the resins. Afterwards, moderate and wide 

exothermic signals were encountered, which were associated with the 

stages of curing and degradation. Although the single components of the 

resins (GL and TS) and the resins formulation (Reference., RA and RB) 

displayed the same phenomena during the heating, differences were 

found concerning the temperatures at which these appeared. For example, 

the Tg of the TS was lower compared to that of GL. This may be attributed 

to a faster reaction between tannins and hexamine compared to that of 

lignin and glyoxal. Consequently, the tannins solution would start to 

harden at a lower temperature than the glyoxalated lignin. In the case of 

the resin Reference, which is composed of both tannin solution and 

glyoxalated lignin, the glass transition temperature was detected at a 

temperature within the range of the two previous components. However 

in the formulations composed of an inorganic phase (RA and RB), the value 

Tg was detected at a higher temperature as compared to the Reference 

resin. This was attributed to the fact that inorganic compounds were being 

intercalated within the organic polymeric matrix, thus delaying the start 

of the hardening process. Concerning the process of curing, two wide 

peaks of moderate-intensity were observed in all the resins (Figure 43b). 

These two peaks were associated with the reticulation of the main 

components i.e. lignin and tannins. The fact that the signals related to the 

process of curing of the resins, appeared at different temperatures would 

be in agreement with the fact that tannins displayed a faster reaction than 

lignins did. 
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Figure 43. Study of different thermal phenomena during the heating of the resins 
formulations and components: a) Evolution of the Tg for the single components 
and resins formulations, b) Evolution of the curing and degradation processes for 
the single components and resins formulations. 

After a comparison of the DSC curves of GL and TS with that of Reference 

it was clear that the first exothermic signal (253.28 ºC) was derived from 

the reticulation of tannin, whereas the second one (357.82 ºC) was related 

to the reticulation of lignin. These exothermic signals related to the curing 

reaction of the main components of the resins were also encountered in RA 

and RB. Nevertheless, in these formulations the temperatures for the 

reticulation were increased. This was again attributed to the inorganic 

nanoparticles. This was in accordance with the work of Corcione and 

Frigione, 2012 323, in which the addition of a nanofiller (organically 

modified montmorillonite) affected the polymerization by switching the 

beginning of the polymerization reactions to higher temperatures. This 

same tendency was seen for the degradation of the resins. Here the signals 

due to the decomposition appeared again at higher temperatures in the 

formulations RA and RB, which were composed of inorganic nanoparticles. 

This was because these particles would block the flux of degradation 

products and therefore resins would degrade at higher temperatures and 

more slowly. This was concurrent with the results presented in Part A of 

this same chapter (enhancement of the thermal performance of the lignins 

after addition of inorganic nanoparticles). 
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B.4.2.2 Thermogravimetric analysis (TGA) 

This technique complemented the information obtained from the previous 

analysis, by evaluating the thermal performance of the liquid resins in the 

different stages of hardening, curing and degradation. Unlike other 

thermogravimetric analyses presented before, in this case the heating was 

performed in an oxidative atmosphere (O2) to evaluate the behavior of the 

resins under harsh thermal conditions. The mass-losses of the different 

resins during the heating process were assessed, and are shown Figure 44. 

In this respect, a strong decrease was seen at beginning (25-180 ºC). It 

represented the major mass loss (≈60%) and it was related to the 

evaporation of the liquid phase of the resins. This was in agreement with 

the percentage of non-volatile compounds determined in Section B.4.1, 

which was around 40%. Besides, the mass loss appeared at a temperature 

within the range determined for the liquid phase vaporization in the DSC 

analysis. 

 

Figure 44. Curves from the thermogravimetric analysis of the liquid resins. 

Between 200-800ºC, the mass loss showed by the resins was much lower, 

since they started to harden and reticulate and therefore they displayed a 

major resistance to heating decomposition. In this range, differences were 

observed between the formulations of the resins. 
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Thereby, the thermal degradation was delayed at higher temperatures in 

the resins RA and RB (about 40-50ºC of difference), which presented 

inorganic nanoparticle within their structure. This was in agreements with 

the results commented previously for the DSC analysis, showing that the 

addition of this inorganic phase did improve the thermal resistance of the 

resins. 

B.5 Conclusions 

Three resins formulations based on lignin, tannins and inorganic 

nanoparticles (POSS and OMMT) were successfully synthesized. From the 

chemical characterization, it was seen that the low values of the non-

volatile content and viscosity would ease the application of the resins onto 

the wood surface. Moreover, the considerable hydroxyl values obtained, 

especially in the formulations RA and RB, proved their high reactivity. 

These features would be beneficial for their application as wood coating 

rather than to other e.g. wood adhesive. Concerning the thermal analysis 

of the resins, it was observed that the inclusion of inorganic nanoparticles 

into the resins formulation had a significant influence over the curing and 

degradation processes, by delaying both to higher temperatures. This 

would lead to an improvement of the thermal resistance of the resins and 

therefore would allow the utilization of these resins to protect wood 

against fire. 
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The current chapter is centered on the employment of the resins 

synthesized in the previous chapter with a specific application. This 

application was the use of the mentioned resins as a coating for wood 

protection against fire, as it was concluded in Chapter 3. First and 

foremost, a brief discussion on the different components and methods 

used in this area is introduced and a special emphasis is placed on the 

coating treatment. Then, the experimental process of coating application, 

drying and curing of the resin onto the wood surface was 

comprehensively presented. Concerning the characterization, on the one 

hand the chemical and thermal analysis of the cured resins was carried 

out. On the other hand, the effect of the coating on wood was assessed 

regarding several aspects namely combustibility, fire resistance, flame 

retardancy, and thermal conductivity. The main strengths and weaknesses 

of the coatings with respect to the previous parameters were evaluated to 

confirm their suitability a performance. 

4.1 Motivation and background 

Wood was one of the first construction materials with species that can 

keep its original state and performance appropriately for long periods. Its 

role in the field of materials has changed along years from irreplaceable at 

the earliest times, when no other materials were available, to replaceable 

from 1850-2000, period in which other materials substituted wood324. In 

the last years, it is competing with other materials such as plastics, 

aluminum, steel, concrete, gypsum, and brick325. Nonetheless, it has 

switched its use to decreasingly replaceable, since it is gaining again 

importance owing to its versatility and environmentally friendly 

features326. In this respect, among the main positive environmental 

attributes of wood are its low intrinsic energy, low carbon impact, and 

sustainability327. 
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The former characteristic is referred to the energy consumed in all the 

processes involved for the production of wood as a product until its point 

of use (“grey energy”). In comparison to other materials, this energy 

requirement is low328. Concerning the low carbon impact, wood as a 

prominent part of forests helps positively by removing carbon from the 

atmosphere. Besides, carbon in wood remains unreleased until it is 

decayed329. The last property is related to the renewable nature of wood. 

This is an advantage over the majority of the materials employed in the 

industry, which are derived from fossil fuels. Apart from its convenient 

environmental features, wood is widely employed in construction owing 

to its mechanical and structural properties such as for instance its excellent 

ratio strength to weight330. Consequently, wood and wood composites 

nowadays are known for playing a major role in buildings and interior 

fittings331. Nevertheless, wood as a material displays also disadvantages 

such as its hygroscopicity and vulnerability against several decay agents. 

These agents can be classified into two types namely biotic and abiotic332. 

The former group is referred to the wood decay by the action of bacteria, 

fungi, insects or marine borers. The second type is related to the degrading 

action of moisture (rain, humidity, and snow), ultraviolet radiation 

(sunlight), wind and fire. In this context, the degradation of wood and 

derived products upon fire exposure is of significant importance, owing 

not only to environmental but also to safety and health reasons. 

4.1.1 Flame-retardant compounds and mechanisms 

Over the years, different fireproofing compounds have been studied and 

tested for wood. The aim was retarding the fire ignition and/or reducing 

the expansion of the flames to avoid the fire-derived risks on wood and 

the loss of life and goods333. Concerning the compounds employed as 

flame-retardants, there has been an evolution during the last decades. In 

the past, the most common flame-retardants employed were halogenated 

compounds (F, Br, I and Br). They could display a chemical structure 

based on aliphatic or aromatic carbon substrates in which the atoms of 

hydrogen were substituted by halogen atoms334. 
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The other possibility was their inorganic form. Nevertheless, the former 

structure was most preferred, due to its major flame-retardant character335. 

The most typical flame-retardants of this type were those derived from 

chlorine and bromine, as they provided the lowest cost in achieving the 

flammability criteria. Within these two, bromine compounds were 

preferred due to the linkage C-Br. This bond is stable enough under 

exposure to environment, but also easily broken with heat upon fire 

exposure336. However, the major problem with this kind of compounds 

was the broad range of adverse consequences to humans such as 

inmunotoxicity, reproductive toxicity and carcinogenic effects337. For this 

reason, they have been gradually substituted by other performing and 

non-toxic compounds. Boron wood preservatives have been reported as 

good flame-retardant. Besides, they display various advantages such as 

minimal toxicity to mammals and cost-effectiveness338. As flame-

retardants they are usually employed in the form of borates e.g. borax. 

During their decomposition (290-450ºC) water, boric acid and boron oxide 

are released, leading to the formation of a vitreous layer, which can protect 

the surface of wood339. Nevertheless, the main disadvantage regarding 

boron compounds is that they are easily leached, owing to their high 

solubility in water340. Other compounds employed are the metal 

hydroxides, especially those of Al(OH)3 and Mg(OH)2. These compounds 

tend to decompose endothermically under fire exposure releasing H2O, 

CO2 and ceramic-like residues (e.g. Al2O3.). However, they also display 

some drawbacks such as the fact that high loading levels may be needed 

and the lower performance at harsh temperatures341. Phosphorous 

compounds are other of the most traditional alternatives to halogenated 

flame-retardants. They can be used in their organic or inorganic form. 

Nevertheless, the former form is preferred and the major part of the 

phosphorous flame-retardants are based on the assembly of any organic 

group to the phosphorous-oxygen bonds334. Thereby, the most typical 

examples are the phosphates (PO43-), phosphonates (R3PO4), phosphinates 

(R3PO2) and their oxides. 
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During thermal degradation, these compounds are known for acting as 

catalysts of the dehydration reaction thus producing a char protecting 

layer. This type of flame-retardants is sometimes used combined with 

other compounds such as nitrogen-derived molecules. Some examples 

reported in the literature are mono- and di-ammonium phosphates, which 

synthesized produce a synergic effect enhancing the char formation342,343. 

Phosphorous flame-retardants can be used in condensed or vapor phase. 

Nonetheless, they also display some drawbacks such as the generation of 

a considerable amount of smoke and CO. Besides the compounds 

mentioned previously, there has been an increasing interest in the 

utilization of silicon-based flame-retardants in the last years. Several types 

of silicon compounds have been tested as flame-retardants as displayed in 

Table 45. 

Table 45. Different types of silicon-based compounds used as flame-retardants. 

Types Description 

Silicones 

-Structure-based on a polymeric organosiloxane 

([R2SiO]n). 

-e.g. polydimethil siloxane (PDMS) 

Silica 
-Inorganic structure (SiO2) 

-Mainly used as filler 

Silicates 
-Standard structure (SiO44-) 

-They display a variety of different structures 

Layered materials 

-They are referred to as clays/nanoclays 

-They are composed of a silicate layer with 

different dispersion morphology (intercalated, 

delaminated). 

-e.g. montmorillonite (MMT) 

Silsesquioxanes 

-They are based on silicate-caged structures 

([RSiO1.5]8) 

-Characterized by nanometric dimensions 

-e.g. polyhedral oligomeric silsesquioxanes 

(POSS) 
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All these compounds have been reported to improve considerably the 

flame retardancy as either fillers, polymers or copolymers341. As described 

for other flame-retardants, silicon-based compounds help to the formation 

of a protective barrier on the surface during combustion, which hinders 

the heat transfer into the material344. Furthermore, they lead to the 

reduction of the heat release upon combustion345. The main advantage of 

this type of flame-retardants is the low amount needed to ameliorate the 

fireproofing character, owing to their large surface area, especially in the 

cases of the compounds in the nano-scale. The flame-retardancy of the 

compounds described above, is usually achieved by means of different 

mechanisms as it was already presented. These mechanisms can be 

summarized in three major types namely gas-phase action, endothermic 

action and char forming action334. The former is based on the reduction of 

the heat released during combustion in the gas phase. The second type is 

related to the release of non-flammable gases (H2O and CO2), which can 

reduce the temperature during combustion leading to an endothermic 

decomposition. The latter mechanism is associated with the formation of 

a protective layer on the material surface. In the next table, the flame-

retardants compounds presented before are listed with their typical 

corresponding mechanism against fire degradation. 

Table 46. Different types of flame-retardants and their action mechanism against 

fire. 

Flame-retardant types 

Mechanism 

Gas-phase 

action 

Endothermic 

action 

Char forming 

action 

Halogenated X   

Boron compounds   X 

Metal hydroxides  X  

Phosphorous compounds X  X 

Silicon-based compounds   X 
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4.1.2 Fire proofing methods for wood 

As it was commented at the beginning of this chapter, wood is a 

combustible material whose structural and mechanical properties are 

compromised upon fire exposure. For this reason, another important 

parameter to consider is the treatment employed in protecting the 

combustible structure of wood. In this regard, several methods have been 

explored and tested over the years. Among them three major approaches 

have been considered in several sectors such as building and construction 

and transportation346. 

• Inclusion of the flame retardant compounds into the bulk 

structure. This treatment is associated with the introduction of the flame-

retardant additives directly into the cell wall of wood. Some examples of 

this type of treatment are injection or impregnation347. The main 

disadvantage of this treatment is that high loadings are required, which 

affects the strength and elastic modulus of the material348. 

• Chemically bonding the flame-retardant with compatible 

functional groups. This treatment is related to the reaction of the flame-

retardant additives with the chemical groups of wood349. Thereby they can 

become an intrinsic part of the wood polymeric chains providing longer 

durability and fireproofing effect. The major difficulty of this treatment is 

the selection of flame retardant compounds of suitable size and 

compatible functional groups to be incorporated into the wood polymeric 

chains. 

• Surface modification of wood by means of flame-retardant 

compounds. This method is broadly used in various commercial 

applications. The major example is the utilization of fireproofing coatings, 

which is the most convenient, economical and efficient way to protect 

substrates against fire350. Its major advantage is the concentration of the 

fireproofing properties of the flame-retardant at the surface, which allows 

the protection of the bulk of the material351. 
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Traditionally fire proofing coatings were based on “cementious” 

compounds e.g. oxychloride cement, vermiculite, gypsum, and other 

minerals352. They were cost-efficient and provided an easy application and 

resistance to weather. On the contrary, they displayed several weak points 

such as their considerable weight and thickness. Consequently, there has 

been an evolution over the years regarding the types of coatings towards 

more state of the art systems. In the last years, the utilization of 

intumescent coating systems has become a widely implemented 

alternative in the protection of wood against fire353,354. This coating system 

is composed of three main elements namely acid catalyst, char-forming 

compound and a blowing agent354. The process of intumescence has been 

described by Kozlowski et al., 2007 355 and it is shown in Figure 45. 

 

Figure 45. Representation of the stages of the intumescent process. 

Their mechanism of action is characterized by the following stages: 

• Softening and melting of the organic compounds (char-forming 

agent) by direct contact with the fire. 

• Release and formation of the inorganic acids (catalyst). 

• Carbonization of the char-forming agent. 

• Liberation of the gaseous products by the blowing agent and 

formation of a thick porous foam layer on the surface. 

• Crosslinking and solidification of the char foam layer, insulating 

the combustible material and avoiding the access of heat and oxygen. 
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Considering all the above-mentioned information, in this work it the 

resins synthesized in the previous chapter were used for the protection of 

wood against fire. The method selected was the surface modification of 

wood via flame-retardant (coating). The flame-retardant compounds 

selected were a nanoclay and a type of silsesquioxanes, which were 

introduced in one of the different formulations of the resins as presented 

in Sections A.3.3.2 and B.3.2 of chapter 3. The aim was the wood protection 

by the means of an isolating char layer and the intumescent action of the 

nanoclay and the silsesquioxanes. 

4.2 Experimental procedure 

In the following subsections the main materials used, the process followed 

in the application of the resins as coatings as well as the techniques 

employed for the characterization of the coatings and their performance 

are described. 

4.2.1 Basic elements for testing: flame-retardants and substrates 

The flame-retardant compounds employed for the protection of wood 

against fire were the formulation of the biosourced phenolic resins 

presented in the previous chapter (Section B.3.2) Reference, RA and RB. 

They were based on the same polymeric matrix but they differ in the 

inorganic phase, which was majorly responsible for the flame-retardant 

action. In the former formulation no inorganic phase was added, whereas 

Dellitte 43B (OMMT) and SO1458 (POSS) were present in the other two 

respectively. 

Concerning the wood substrate in which the fireproofing action was 

tested, two different species were selected namely maritime pine (Pinus 

pinaster) and beech (Fagus sylvatica). These two species were chosen as 

examples of softwood and hardwood species. Thereby, it can be assessed 

the influence of the different wood structure of each species over the 

coating application and performance. 
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4.2.2 Process of coating application on the substrate 

The process of application of the biosourced phenolic resins as a coating 

for the protection of the wood substrates was subdivided into several 

stages: preparation of the substrates, deposition of the coating on the 

surface of the substrate and curing plus drying process. 

The substrates preparation was carried out as follows, first the wood 

samples were conditioned for 7 days at specific conditions of temperature 

and relative humidity (25 ºC and 65%). Then, the surface of the wood 

samples was refreshed by means of sandpaper to open the pores and thus 

ease the contact and penetration of the resins during the deposition of the 

coatings afterwards. Three-grain size papers (80,100 and 120) were 

applied during the process of sanding of wood from the bigger to smaller. 

This way a homogenous, flat, smooth surface was achieved for all the 

wood samples before coating application. 

Concerning the deposition of the resins over the wood surface, two 

important features were considered namely mass of resin applied and 

method of application. The selection of the former parameter was based 

on the weight percent gain (WPG). The WPG is defined as the mass 

increment experimented by a substrate after treatment356. Thereby, 

different amounts of resins were applied and then submitted to the 

process of curing + drying to calculate the WPG as displayed in Equation 

7. 

WPG (%) = [(mcoating-mwood)/mwood]∙100            (7) 

where mcoating: mass of the substrate after the application of the coating 

            mwood: mass of the substrate before the application of the coating 

The evaluation of the WPG, as the amount of the resin added was 

increased, is displayed in figure 46. This previous test was performed on 

a glass plate with a defined surface (20x40mm). 
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Figure 46. The weight percent gain (WPG) of coated samples as the amount of 
resin added was increased. 

The aim of this test was to determine the point of saturation of the coatings 

over an inert substrate, in which they remain as thin layer. From the 

previous figure it can be seen that when the mass of the resin added to the 

wood samples was high, the WPG values remained constant (saturation 

point). Nevertheless, when this amount was decreased, there was a point 

at which the WPG started to decrease. The mass of resin added just before 

that point was selected as the amount of coating to be applied onto the 

wood samples (62.5 g/m2). 

Considering the method of application, different treatments were assessed 

for spreading the resins onto the wood samples such as a glass rod, a 

brush, and a paint roller. Based on the small size of the samples and small 

amount of the resins the treatment achieving the best results was the brush 

(more homogenous coating layer and higher amount of resin on the wood 

surface rather than in the application instrument). Accordingly, this was 

the method selected for resin deposition. 
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The last step of the coating application was the curing and drying of the 

resin layer onto the surface. In this respect, low temperatures were 

preferred to avoid the thermal modification of wood and therefore 

possible interferences on the real performance of the coatings on wood. It 

is known that thermal modification of wood at higher temperatures 

results in the modification of the pristine structure of wood and that can 

lead to an enhanced thermal performance357. Consequently, a temperature 

of 60 ºC was selected for carrying out the process of curing and drying of 

the coatings on the surface of wood. A prior experiment on the liquid 

resins at this temperature was implemented with to see whether it was 

possible to cure them at this temperature, and the time needed for this 

operation. This was assessed with Rheolaser by measuring the elasticity 

index (EI) of the resin during heating (Figure 47). The procedure followed 

for this experiment was described in Annex V.5. 

 

Figure 47. Evolution of the elasticity index (EI) of the resins at a fixed temperature 
with time. 

It was observed in the previous figure that the EI was increasing as the 

time passed by. This was due to the fact that as the heating time was 

increasing, the reticulation of the resins was promoted and therefore they 

started to switch from a viscous liquid to an elastic solid (curing process). 
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There was a point at which the EI reached a constant value and at that 

point it could be concluded that the resins were already reticulated and 

the curing had finished (above 10h). Thus, to ensure the proper curing and 

drying of the resins on the wood samples they were cured + dried at 60 ºC 

for 15 h. This process was carried out by introducing the coated wood 

samples directly after coating application into an oven with the defined 

parameters. 

Once all the parameters of the coating process were set, the resins were 

applied onto the wood surface and then cured. After the application of the 

coating, the weight percentage gain was determined to elucidate the 

degree of retention of the resins in each wood species (Figure 48). As 

shown in figure 48, the coated wood samples of Fagus sylvatica displayed 

a higher weight percentage gain (WPG) than the Pinus pinaster ones. This 

means that a greater degree of retention of the coating was achieved on 

the former wood species. These was related to a better interaction of the 

surface of the Fagus sylvatica wood with the coating, compared to that of 

the Pinus pinaster. 

 

Figure 48. Weight percentage gain of the wood samples after the application of 
the coating. 
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4.2.3. Characterization methods 

The main techniques used for the characterization of the coatings and their 

performance on the substrate are displayed in Table 47. 

Table 47. Characterization methods used for the assessment of the main 

characteristics and performance of the synthesized resins. 

Component Analysis Technique Annex Section 

Coatings 

Thermal 
resistance 

TGAA 

Annex III 

III.5 

Chemical 
structure 

FTIRB III.6.1 

Combustibility 
Calorimetry 

pump analysis 

Annex VI 

VI.1 

Fire resistance 
UNE-EN 60695-

11-10:2014C 
VI.2 

Conductivity 
Hot disk 
analysis 

VI.3 

ATGA: Thermogravimetric analysis, BFTIR: Fourier transformed infrared spectroscopy 

analysis, C UNE-EN 60695-11-10:2014: Standardized method for the evaluation of the 

combustion of materials. 

4.3 Results and discussion 

Within this part, the results for the characterization of the coating and its 

performance for wood protection against fire are presented. 

4.3.1 Characterization of the coating 

The characterization of the coating was carried out concerning its chemical 

structure and thermal resistance. Prior to those analyses, a liquid sample 

of the different formulation of the resins (Reference, RA and RB) was cured 

at the defined conditions (60 ºC and 15 h) over an aluminum plate. The 

cured resin samples were then crushed in a mortar and the powder was 

ready to use for the characterization analysis. 
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4.3.1.1 Fourier Transformed spectroscopy analysis (FTIR) 

By this technique, the chemical structure of the coatings was analyzed. 

Besides, the main linkages between the different components and the 

major functional groups were elucidated. In Figure 49, the spectra of the 

individual components namely glyoxalated lignin and tannin, and that of 

the resins formulations are shown. 

 

Figure 49. Infrared spectra of the components (GL: glyoxalated lignin, TM: 
mimosa tannin) and different resins formulations: a) formulation Reference, b) 
formulation RA and c) formulation RB. 

It was clear from the previous figure that the spectra of the cured resins 

(coatings) were greatly influenced by their components. Thus, the signals 

from the main functional groups of both the glyoxalated lignin and 

mimosa tannin were found in the cured resin spectra. The main signal was 

the one detected in the range 3500-3300 cm-1 (broad and strong) associated 

with the hydroxyl groups. 
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This was expected since the polyphenolic resins synthesized displayed an 

abundance of hydroxyl groups, as shown by the hydroxyl value in the 

previous chapter (Section B.4.2.1). Between 3000-2900 cm-1, a medium-

sharp band was seen related to the methyl and methylene groups. The 

mentioned signal is more prominent in the spectra the glyoxalated lignin 

than in the mimosa tannin since these units are more abundant within its 

structure. Consequently, it might be attributed to the lignin-derived 

fractions present within the resin structure. Nevertheless, it could be also 

due to the reaction between lignin and tannin by means of methylene 

groups (-CH2 and –CH-) as proposed by Pizzi, 2016 358. He reported a 

mechanism for the reaction between tannins and glyoxalated lignin cured 

by hexamine (Figure 50). The mentioned mechanism consisted of the faster 

reaction between tannins and hexamine, which were connected via C-N 

bonds. Then, glyoxalated lignin units were connected with the reacted 

tannins-hexamine moieties by means of intermediate methylene groups. 

Thus, in this case the presence of a significant signal in the resins, would 

confirm the reaction between both components (lignin and tannins). 

 

Figure 50. Proposed mechanism of reaction between tannins and lignin in the 
resins formulations, as described in Pizzi, 2016 358. 
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The peak attributed to carbonyls groups at 1700 cm-1, which was present 

in the spectra of the glyoxalated lignin, disappeared or became a small 

shoulder in the spectra of the resins. This may be due to the reaction 

between the tannin and lignin moieties through this functional group. In 

the next range (1600-1400 cm-1), several peaks were detected characteristic 

from conjugated linkages from the aromatic rings. These peaks observed 

in the resins were associated with the multiple aromatic rings present 

within the structure of both the lignin and tannin, which were already 

described in the characterization of both components in the previous 

chapters. At 1370 cm-1 a medium-weak and broad signal can be seen in the 

resins spectra, related to the deformation of the O-H linkage. This was 

derived from the tannin fractions, which contain various phenolic groups 

attached to the flavan-3-ol moieties. In fact, a similar medium and broad 

signal was observed in the spectra of the mimosa tannin. An important 

signal was detected at 1235 cm-1 attributed to the bond C-N from amine 

(blue circle), as described in the already-mentioned reaction mechanism. 

Besides, this assignment was in agreement with the work of 

Sumathirathne and Karunanayake, 2017 on the synthesis of tannin-phenol 

resins cured with hexamine359. They related the presence of a peak at 1239 

cm-1 to the stretching of the C-N bond coupled with the stretching of other 

adjacent bonds in other molecules. This signal confirmed the curing 

reaction between the tannin fractions and hexamine304. Another significant 

band was observed in the range 1150-900 cm-1 for the resins spectra. In this 

interval, different signals related to the C-O linkage were determined. The 

most significant contribution was that of C-O bonds derived from the 

primary and secondary alcohols present within the glyoxalated lignin 

structures. On the other hand, another contribution to the C-O band was 

that of the furan heterocycles of the flavan-3-ol units from the tannin 

fraction. Besides these contributions, in the mentioned interval there was 

also the signal of Si-O-Si stretching derived from the structure of the 

glyoxalated lignins (LG6A and LG6B), which was overlapped by the C-O 

band as explained in the previous chapter in the Section A.4.1. 
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Between 900-400 cm-1, the signals detected corresponded only to the 

linkages and functional groups of the inorganic nanoparticles added 

during the synthesis of the resins (POSS and OMMT). The assignments for 

the above-mentioned signals detected in the different formulations of the 

resins are summarized and listed in Table 48. 

Table 48. List of assignments of the main signals detected in the spectra of the 

resins and their components. 

Wavelength 

(cm-1) 
Assignments 

Identified bands (cm-1) 

GL TM Resin 

3300 O-H stretching X X X 

2900 C-H stretching X X X 

1700 C=O stretching X   

1600 
C=C-C aromatic stretching 

vibrations 

X X X 

1510 X X X 

1460 X X X 

1360-1370 
O-H deformation phenolic 

substituents 
  X 

1314 O-H stretching of phenol  X  

1270 C-O stretching in guaiacol ring X  X 

1235 C-N vibrations of amines   X 

1160-1025 
C-O-C stretching of flavonoid 

pyran ring 
 X X 

1100-1000 Si-O-Si symmetric stretching X(A,B)  X(A’,B’) 

1075-1030 
C-O stretching and deformation of 

primary alcohol 
X  X 

890 Si-OH bending vibrations X(B)  X(B’) 

745 
C-H deformation of aromatic ring 

(POSS) 
X(B)  X(B’) 

695 Si-C stretching vibration (POSS) X(B)  X(B’) 

520 Si-O-Si bending (OMMT) X(A)  X(A’) 

499 Si-O bending vibration (POSS) X(B)  X(B’) 

460 
Si-O-Si deformation vibration 

(OMMT) 
X(A)  X(A’) 

GL: glyoxalated lignin, TM: tannin mimosa, A: formulation GL(LG6A), B: formulation 

GL (LG6B), A’: formulation resin RA, B’: formulation resin RB 
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Considering these assignments, it was observed that the main differences 

between the resins formulation regarding their structure and functional 

groups were observed in last part of the spectra. Thereby, significant 

differences were seen in the range 1200-1000 cm-1 (orange section in Figure 

48), related to C-O band and the overlapped signal of Si-O-Si. In this 

respect, the mentioned band was considerably more intense in the 

formulations RA and RB, owing to the presence of more aliphatic hydroxyls 

and the presence of Si-O-Si bonds from POSS and OMMT. The other 

interval displaying significant divergences between the resins 

formulations was the range 900-400 cm-1 (green section in Figure 48). No 

signals were detected here for the formulation Reference. On the other 

hand, the formulation RA displayed two signals and the formulation RB 

presented four signals (Table 48). This was due to the fact that these last 

formulations were based on glyoxalated and hybridized lignins (presence 

of inorganic nanoparticles). Finally, based on the previous results it could 

be concluded that during the curing of the resins a reaction between the 

lignin and tannin occurred since the typical bands detected in the spectra 

of both individual components were observed in the spectra of the final 

resin afterwards. 

4.3.1.2 Thermogravimetric analysis (TGA) 

This method was used as an approximate indicator of the actual thermal 

resistance of the cured resins. This could provide a previous idea of the 

fireproofing performance of the coatings on the wood samples afterwards. 

In Figure 51, the thermogravimetric and derivative thermogravimetric 

curves for the different cured resins formulations are displayed. 

The degradation of the cured resins occurred through several steps. The 

first one (80-110 ºC) was attributed to the vaporization of the moisture in 

the powder-state coatings. Then main stage of degradation was located in 

the range of 295-300 ºC and represented 20% of the mass loss of the cured 

resins. Following this stage, two other degradation steps (≈10% weight 

loss) were detected between 350-370 ºC and 475-485 ºC respectively. 
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Figure 51. Curves of the thermal analysis of the different resin formulations cured 
(coatings). 

The previous degradation stages occurred at temperatures similar to those 

reported in the previous chapter for the hybridized-glyoxalated lignins 

(Section A.4.5). Nevertheless, in this case of the cured resins the loss of 

weight was considerably reduced compared with the modified lignins 

alone. This means that the polymeric structure formed during the curing 

of the resins presents a greater thermal resistance than one of its 

components. Thereby, it would be confirmed the reaction of the lignin 

with the tannin and the curing agent leading to a more branched and 

resistant polymeric structure. In Table 49, the main parameters 

determined from the analysis are presented. 

Table 49. Thermogravimetric parameters determined for the different 

formulation of the cured resins 

 T10% 

(ºC) 

T50% 

(ºC) 

Residue 

(wt. %) 

Degradation stages 

(ºC) 

Reference 202.75 657.51 45.96 99.56 296.23 358.92 475.11 

RA 215.19 745.07 48.13 77.07 299.62 361.02 480.75 

RB 214.46 759.13 48.55 81.10 301.71 367.30 482.85 
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In regards to the previous results, it was seen that the stages of 

degradation occurred within a narrow range of temperature in the 

different formulations of the coatings. However, the mass loss had a 

different development among the different cured resins. It was seen in 

Table 49 and Figure 51 that the loss of mass started to diverge between the 

resins, especially for RA and RB, as the temperature increased. 

Consequently, slight differences were regarded concerning T10%, whereas 

considerable differences were encountered in the temperature at which 

the resins had lost half of their mass (T50%). Besides, the residue remaining 

after thermal degradation was slightly higher in those formulations as 

well. All these results were attributed to the fact that formulations RA and 

RB had OMMT and POSS respectively within their structure. These 

inorganic compounds are widely reported to provide a synergic effect 

regarding the flame-retardancy and thermal resistance 360,361. Based on 

these results, it was decided to select only the coatings formulations RA 

and RB, since they will provide improved thermal performance compared 

to the Reference. 

4.3.2 Evaluation of the coating performance 

Within this part, different experiments, which were carried out directly on 

the coated-wood samples, are displayed to assess the efficiency of coatings 

against fire exposure and derived thermal properties. 

4.3.2.1 Calorimetry Pump analysis 

This technique was carried to evaluate the influence of the coating 

formulations over the heat release during the combustion of the wood 

samples. The methodology followed is described in Annex VI.1. The 

machine employed for this analysis provided the higher heating values 

(HHV) of the samples introduced. This parameter is defined as “the amount 

of heat released by the unit mass or volume of fuel (initially at 25 °C) once it is 

combusted and the products have returned to a temperature of 25 °C, including 

the latent heat of vaporization of water”362. 
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Thus, the samples were put into a calorimetry pump without coating 

(control samples) and with coating (RA and RB formulations) to elucidate 

the changes in the parameter measured due to the application of the 

coating on wood (Figure 52). 

 

Figure 52. Calorimeter employed for the determination of the combustibility of 

the samples: a) The whole machine with the screen for the results and oval vessel 

with water in which the calorimetry pump is introduced, b) Calorimetry pump 

with pressurized sealing and releasing valves, c) Pan for the sample in contact 

with the wire, which created the spark for the combustion. 

The results concerning the heat produced during the combustion of the 

wood samples (control and coated samples) are presented in Figure 53. 

 

Figure 53. Heat of combustion of the wood samples before and after the 

application of the coatings. 
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The heat of combustion determined, showed higher values in the samples 

of Pinus pinaster compared to those of Fagus sylvatica. This is normally 

associated with the higher lignin content of conifers compared to 

hardwood species363. Moreover, it is also due to the presence of a greater 

amount of resin, oil and wax in softwood species. These compounds, 

which take part typically of the extractives, are reported to increase the 

heat of combustion of wood species364. The calorific values of the control 

samples determined, expressed as HHV, were within the typical ranges of 

Pinus pinaster (19.55-20.99 MJ/Kg) and Fagus sylvatica (19.33-19.21 MJ/Kg) 

as reported in the literature363,365–367. However, after the application of the 

coating the caloric values of the samples were reduced. This means that 

the heat released from wood during combustion was lower and therefore 

the combustibility of the samples was decreased. This tendency was more 

marked in the Fagus sylvatica coated samples than in the Pinus Pinaster 

ones. This could be attributed to the significant presence of resins in the 

wood of Pinus pinaster368. The mentioned resins would hinder the 

interaction between the functional groups of the wood surface and those 

of the coatings. Moreover, during combustion the resins would be 

exudated and released through the wood pores. This may induce small 

cracking in the protective surface layer of the coating. Based on the results 

described previously and the data of the masses of the wood samples and 

the coatings applied, it was calculated the reduction of the combustibility 

achieved related to the mass of coating used (Table 50). 

Table 50. Capacity of the coatings for reducing the combustibility of the wood 

samples. 

Wood 
species 

Sample 
mass (g) 

Coating 
formulation 

Coating 
mass (g) 

Reduction of HHV 

KJ/gsample KJ/gcoating 

Pine 
0.63±0.04 RA 0.053±0.001 0.057±0.001 0.723±0.027 

0.50±0.02 RB 0.054±0.002 0.073±0.005 0.693±0.001 

Beech 
0.87±0.03 RA 0.050±0.001 0.521±0.062 7.901±2.632 

0.76±0.03 RB 0.055±0.001 0.469±0.047 6.607±0.302 
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In regards to the previous results, it was seen that even with a small 

amount of coating the reduction of the heat-release during combustion 

was significant (≈8 KJ/g or 8 MJ/Kg at maximum). The mentioned 

parameter achieved by the coatings was related to the presence of the 

inorganic heat resistant components (OMMT, POSS). Moreover, these 

components compensated the action of lignin, which is known by its 

considerable calorific value369. Consequently, these components were 

proved to improve the thermal performance on the coating in this case 

regarding the heat release during combustion. 

4.3.2.2 Assay for assessing the flammability and fire-resistance of the 
coatings 

This analysis was based on the standard UNE-EN 60695-11-10:2014 and it 

was carried out for the horizontal combustion with a contact angle 

between the wood samples and the flame of 45 º. The samples were 

prepared with dimensions 125x13x3 mm and they were exposed to fire as 

described in the protocol of the assay in Annex VI.2. During the exposure 

of the samples to flames, significant divergences were seen between the 

control samples (without coating) and the coated ones. On the one hand, 

in the control samples a fast ignition, combustion and spread of the flames 

were observed. In these samples, black fumes were also exhausted and an 

intense glowing was observed during combustion. Besides, in some of the 

samples (Pinus pinaster) exudation and dripping were seen during the fire 

exposure. These events were attributed to the higher extractive content of 

Pinus pinaster wood compared to Fagus sylvatica wood370. On the other 

hand, in the coated wood samples the phenomena described previously 

developed differently. Thereby, the combustion of the samples displayed 

a lower impact on the integrity of the wood samples. It seemed that the 

combustion was occurring directly onto the coating layer and around the 

wood bulk. Other important facts were that no black fumes were not 

exhausted and that no glowing was observed. Moreover, the propagation 

of the flames along the wood was slowed down. These differences 

between the control and coated wood samples are presented in Figure 54. 
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Figure 54. Differences observed between the uncoated wood (upside images) and 
coated wood (downside images) samples concerning several phenomena 
occurring during fire exposure: a) fire attack and glowing during combustion, b) 
fumes exhaustion during combustion, c) flame propagation just after 30s flame 
exposure. 

One of the parameters measured with this analysis was the performance 

of the coating over the fire resistance of the wood samples. Thereby it was 

determined the mass degradation of the wood samples after combustion, 

described as the percentage of wood remaining after fire exposure. The 

results are displayed in Table 51. 

Table 51. Resistance of the wood samples (control and coated) to fire exposure. 

Samples Wood dry (g) 
Residue 

remaining (g) 

Residue 

remaining (%) 

Pinus 

pinaster 

Control 6.49±0.65 0.66±0.23 10.14±2.96 

RA 6.51±0.15 1.94±0.15 29.88±1.69 

RB 6.04±0.29 1.58±0.02 26.19±0.92 

Fagus 

sylvatica 

Control 5.76±0.41 0.84±0.11 14.64±2.01 

RA 6.11±0.12 3.27±0.58 53.54±5.65 

RB 6.25±0.22 3.63±0.42 58.17±4.62 
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In regard to the previous results, it was clear that the coatings achieved an 

enhanced thermal resistance of wood. Moreover, the coating application 

aided to maintain wood integrity during combustion. This was evidenced 

by the increment of the residue of wood remaining after combustion, 

which was between 15-20% and 40-45% for the Pinus pinaster and Fagus 

Sylvatica samples respectively (Figure 55). In both control and coated 

samples, it was observed that Pinus pinaster wood samples were burnt 

easier than those of Fagus Sylvatica. 

 

Figure 55. Wood samples of Pinus pinaster and Fagus sylvatica before (a) and after 
fire exposure (b). 

The other important parameter elucidated by this analysis, was the 

influence of the coating on the flame propagation along the wood. The 

results (Table 51) showed a significant influence of the coatings on flame 

propagation. Thereby in control samples, the flames spread rapidly, 

whereas in the coated wood samples the advancement was slowed down. 

This was readily observed from the linear combustion speed (LCS), which 

was calculated as depicted in Equation 8. 

LCS=[L/t]∙[60s/min]               (8) 

Where L: length of the wood sample damaged 

 t: time elapsed during sample damage 
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Thus, it was seen that the coating reduced the linear combustion speed by 

50% in Pinus pinaster wood samples and by 70-80% in Fagus silvatica wood 

samples approximately. Another positive impact of the coating was that it 

avoided the flames to reach from the point of initial contact to the opposite 

end, in the Fagus sylvatica wood samples. This means that in those samples 

the coating provided a self-extinguishing effect for the flames. 

Considering the previous results and based on the standard method used 

(UNE-EN 60695-11-10:2014) the coatings were categorized regarding 

horizontal burning as showed in Table 52. In this respect, it was seen that 

the performance of the coatings in the Fagus Sylvatica was better than in 

Pinus pinaster wood samples since it presented a higher category regarding 

the flammability of the samples. Thus, the former wood samples were 

classified as HB (self-extinguishing), meaning that the linear combustion 

speed was below 40mm/min. On the other side, the latter wood samples 

were classified as H75, meaning that their linear combustion speed was 

above 40mm/min but below 75mm/min. Accordingly, the coatings could 

be appropriate (in the case of the hardwood species) for the surface 

protection of wood structural elements and interior fittings. 

Table 52. Flame propagation along with the wood samples (control and coated) 

and related parameters. 

Samples 
Length (mm) LCSC 

(mm/min) 
Category 

DA RB 

Pinus 

pinaster 

Control 125 0 116.07±10.73 --- 

RA 125 0 53.08±11.17 HB75 

RB 125 0 65.66±13.90 HB75 

Fagus 

sylvatica 

Control 125 0 94.95±1.70 --- 

RA 72.33±2.48 52.67±2.48 26.07±1.51 HB 

RB 70.33±1.33 54.67±1.33 21.07±1.29 HB 
AD: length damaged from the wood samples, BR: length remaining undamaged from the 

wood samples, CLCS: linear combustion speed. 
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From this assay, it was seen that in both, the thermal resistance of the 

samples and the flame propagation, the coatings displayed a better 

performance on Fagus sylvatica than in Pinus pinaster wood. This was 

attributed to a lower content of extracts of the former species that it is 

reported to have minor influence over the coating properties such as 

penetration and retention on the wood371. Then, since a higher amount of 

coating was retained in the Fagus sylvatica wood samples, they showed and 

improved effect over the studied parameters compared to the Pinus 

pinaster wood samples. 

4.3.2.3 Assay for assessing the heat transfer of the coatings 

This analysis was performed to determine the influence of the coating over 

the transfer of heat through the wood samples. With this purpose, wood 

samples (control and coated) of Pinus pinaster and Fagus sylvatica of size 

50x24x10 mm were selected. The methodology employed is described in 

Annex VI.3. The heat transfer was measured in the transverse direction 

with a “Hot Disk TPS 1500” as showed in Figure 56. 

 

Figure 56. Elements and setting for the performing the analysis of the heat 
transfer: a) machine Hot Disk TPS 1500, b) Probe measuring the heat change, c) 
wood samples for analysis, d) setup with the probe and samples ready to perform 
the measures. 
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By means of this technique of analysis, several parameters related to the 

heat transfer were elucidated namely thermal conductivity, thermal 

diffusivity and volumetric heat capacity. The former is defined by the 

ability of a material to conduct heat by means of the transfer of the 

vibrational energy between two adjacent molecules372. The second 

parameter describes the rate at which the temperature can be spread 

through a material, from the hot to the cold point373. The latter could be 

defined as based on its units, as the amount of energy (heat) necessary to 

add to one unit of volume to increase its temperature in one degree. These 

three parameters are interrelated as can be seen from Equation 9. 

α=[λ/(ρ∙Cp)]              (9) 

Where α: thermal diffusivity (m2/s) 

 λ: thermal conductivity (W/mK) 

 ρ: density (Kg/m3) and Cp: specific heat (J/K∙g) 

 VHC: volumetric heat capacity VHC= ρ∙Cp 

The results obtained for these parameters are shown in Figure 57. 

Concerning the thermal conductivity of the wood samples, it was only 

detected a small decrease in the values of the conductivity after the 

application of the coatings in the samples of Fagus sylvatica. Nevertheless, 

in general no big differences were observed between the control wood 

samples and those with the coating applied. This showed that the thin 

layer of the coating applied to the wood sample did not provide a 

significant isolating power against heat transfer. The variation of the 

thermal diffusivity between the uncoated and coated wood samples was 

more noticeable than in the previous case. Thereby, it was seen in both 

Pinus pinaster and Fagus silvatica wood samples that the parameters were 

reduced after the application of the coatings. This means that the speed of 

propagation of the temperature through the wood was diminished by the 

coating layer. This was concurrent with the lower fame propagation 

observed in the coated samples in the previous section. Finally, regarding 

the heat capacity, the results showed an increment in the values of this 

parameter in the coated samples compared to the control ones. 
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This was because after the application of the coatings the wood samples 

needed a greater amount of heat to increase their temperature. Thus, it 

could be said that the coatings provide a protective effect. 

 

 

 

Figure 57. Evolution of different parameters related to heat transfer before 
(control) and after the application of the coatings (RA and RB): a) thermal 
conductivity, b) thermal diffusivity, c) volumetric heat capacity. 
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4.4 Conclusions 

Through this chapter, several aspects related to the chemistry and thermal 

performance of the coatings were evaluated. Taking into consideration the 

results displayed and the corresponding discussion the following 

conclusions were reached: 

• The evaluation of the structure of the coating after the curing 

confirmed that the different components present, namely lignin 

and tannins reacted between each other and with the curing agent 

(hexamine) since new bands were detected in their infrared spectra 

associated with those linkages. 

• The thermal analysis of the coating in powder state proved the 

higher performance of the formulations containing inorganic 

nanoparticles (RA and RB) compared to the one without them 

(Reference). Therefore, these formulations were selected for their 

evaluation as flame retardant. 

• The analysis of the combustibility proved that the coatings reduced 

the heat liberated by the wood samples during combustion. 

• The assay of the fire resistance confirmed that the coatings 

provided a protective effect on the integrity of the wood bulk 

(higher residue remaining after combustion) and that they reduced 

the flame propagation through the wood samples. These effects 

were improved in the Fagus silvatica wood samples compared to 

the Pinus pinaster ones. 

• The analyses of the transfer of heat showed that the thin layer of 

the coating did not provide a significant effect as a thermal 

insulator. However, it decreased the progress of the temperature 

across the wood structure. 
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5.1 Final conclusions 

The present work was focused on the production of phenolic resins from 

renewable raw materials, aiming their utilization as coatings in the 

protection of wood against fire. For this purpose, two phenolic 

compounds namely lignin and tannins were assessed and they were 

successfully employed. 

First, it was seen that two different sources of lignocellulosic biomass 

namely almond shells and maritime pine residues could be valorised as 

source of lignin, owing to the significant content of this compound (≈30%) 

and their local availability. Concerning the extraction process, after 

evaluation of different possibilities it was proved that the implementation 

of a single-stage organosolv extraction was the most convenient process. 

Through the mentioned process a considerable extraction yield was 

achieved (≈80%) and the lignins obtained presented high purity. The type 

of lignocellulosic biomass considerably influenced the properties and 

structure of the lignins extracted. Differences were encountered between 

them concerning the molecular weight. In addition, it was confirmed by 

different chemical analyses, the predominance of guaiacyl units in the 

lignin from maritime pine residues and of syringyl moieties in the one 

extracted from almond shells. These pristine lignins were not suitable for 

the utilization in the synthesis of the resins and therefore it was concluded 

that a process of modification was necessary. Consequently, they were 

subjected to a process of functionalization in two stages: glyoxalation and 

hybridization with inorganic nanoparticles. The glyoxalation attained an 

increment in the content of hydroxyl groups as proved by the analyses 

performed. This was convenient for the utilization of the lignins in further 

synthesis, since it improves their reactivity. On the other hand, after the 

hybridization it was confirmed that the inorganic nanoparticles added 

were substituted within the structure of the lignins, leading to improved 

thermal properties.  
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During the process of functionalization, divergences were detected as well 

between the two lignins extracted, highlighting the influence of their 

origin. It was observed that the process of functionalization obtained 

better results in the case of the lignin extracted from maritime pine 

residues. Thus, this lignin reached a higher degree of glyoxalation, and 

consequently, of substitution of inorganic nanoparticles within its 

structure. Accordingly, this modified lignin was selected for the synthesis 

of the phenolic resins. 

Concerning the tannins, the commercial mimosa extract selected, which 

displayed more advantages compared to other extracts obtained at the 

laboratory scale and to other species, provided a suitable structure and 

reactivity for its utilization in the synthesis of phenolic resins. Three resins 

formulations based on lignin, tannins and inorganic nanoparticles (POSS 

and OMMT) were successfully synthesized. From the chemical 

characterization, it was seen that the low values of the non-volatile content 

and viscosity would ease the application of the resins onto the wood 

surface. Moreover, the considerable hydroxyl values obtained, especially 

in the formulations RA and RB, proved their high reactivity. These features 

would be beneficial for their application as a wood coating. Concerning 

the thermal analysis of the resins, it was observed that the inclusion of 

inorganic nanoparticles into the resins formulations had a significant 

influence over the curing and degradation processes, by delaying both to 

higher temperatures. This led to an improvement of the thermal resistance 

of the resins and therefore allowed the utilization of these resins to protect 

wood against fire. 

The phenolic resins synthesized, based on modified lignin and tannins, 

were satisfactorily applied onto the wood surface as coatings. The main 

parameters for the implementation of the coatings were assessed and 

elucidated. Thus, it was determined that 62.5 g/m2 of resins should be 

cured onto wood surface (previously prepared) during 15 h at 60 ºC. Then 

the coating was characterized and it was observed that the main 

components of the resins, namely lignin and tannins, reacted between 

each other and with the reticulation agent during the curing of the coating. 
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Moreover, it was detected that the formulations of the coatings with 

inorganic nanoparticles incorporated (RA and RB) were significantly more 

resistant to thermal degradation. Accordingly, the other formulation of the 

resin (Reference) was not selected as a coating for wood protection. The 

coatings displayed a significant influence over the performance of wood 

against fire exposure in different aspects. First, it was determined that the 

heat-release during the combustion of the wood samples was decreased 

after the application of the coatings. The coating also achieved a protective 

effect of wood integrity and a delay of the flames propagation during fire 

exposure. These features proved that the coating was suitable as flame-

retardant for wood. Nevertheless, concerning the transfer of heat no 

significant effect was achieved by the thin layer of the coating as thermal 

insulator. 

To sum up, in this work it was achieved a small scale process, promoting 

the concept of circular economy in which wood residues were used as raw 

materials to synthesize a biosourced product (resins) for protecting wood 

against fire. 

5.2 Future works 

To keep on with the topic of this research, the following points would be 

proposed: 

• The optimization of the process of synthesis of the resins: variation 

of the ratio lignin:tannins, addition of a higher amount of inorganic 

nanoparticles, enhancement of the process of introduction of 

inorganic nanoparticles. 

• A comprehensive study of the curing reaction of the resins to 

determine parameters such as the point of gel, degree of 

reticulation etc. and to optimize the curing conditions of the 

coatings. 
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• Scale-up the process of synthesis of the resins and production of 

the coatings, to attract the potential interest of the industry. 

• Evaluate the performance of the resins in the protection of wood 

against fire by an impregnation treatment instead of the coating 

deposition. 

• Assess the performance of the coatings against other decay agents 

of wood such as water, sunlight, bacteria, and fungi. Carry out the 

corresponding modification on the resins to achieve protection 

against those agents. 

5.3 Scientific production 

In this section are listed the works published (articles and book chapters), 

the participation in conferences and prices and awards derived from those 

works. 

5.3.1 Published works 

During the development of this doctoral thesis, the following articles have 

been written and published in scientific journals, related to the topic of the 

thesis: 

I. Authors: de Hoyos-Martínez, PL., Erdocia X., Charrier-El 

Bouhtoury F., Prado R., Labidi, J. 

Title: Multistage treatment of almonds waste biomass: 

Characterization and assessment of the potential applications of 

raw material and products 

Journal: Waste Management 

Year: 2018 

Impact factor: 5.431 (published) 

JC and JR: Environmental Engineering (9/52) Q1 
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II. Authors: de Hoyos-Martinez PL., Merle J., Labidi J., Charrier–El 

Bouhtoury, F. 

Title: Tannins extraction: A key point for their valorization and 

cleaner production 

Journal: Journal of Cleaner Production 

Year: 2018 

Impact factor: 6.395 (published) 

JC and JR: Green sustainable science and technology (6/35) Q1 

III. Authors: de Hoyos Martinez PL., Robles E., Khoukh A., Charrier-

El Bouhtoury F., Labidi, J. 

Title: Formulation of multifunctional materials based on the 

reaction of glyoxalated lignins and a nanoclay/nanosilicate 

Journal: Biomacromolecules 

Year: 2019 

Impact factor: 5.667 (current) 

JC and JR: Polymer science (7/87) Q1 

IV. Authors: de Hoyos Martinez, P.L., Issaoui H., Herrera R., Labidi, 

J., Charrier-El Bouhtoury, F. 

Title: Coatings based on biosourced phenolic resins for protection 

of wood against fire 

Journal: 

Year: 2019 

Impact factor:  (current) 

JC and JR: 

(submission state) 



Fireproofing biosourced-phenolic resins for the protection of wood and wood composites 

 

184 

Other articles non-related to the topic of the thesis have been published as 

well as part of collaborations: 

I. Authors: Fernández-Rodríguez J., Erdocia X., De-Hoyos PL., 

Alriols MG., Labidi J. 

Title: Small Phenolic Compounds Production from Kraft Black 

Liquor by Lignin Depolimerisation with Different Catalytic Agents 

Journal: Chemical Engineering Transactions 

Year: 2017 

SJR indicator: 0.293 (published) 

JC and JR: Chemical Engineering (293/688) 

II. Authors: Herrera R., Arrese A., de Hoyos-Martinez P.L., Labidi J., 

Llano-Ponte R. 

Title: Evolution of thermally modified wood properties exposed 

to natural and artificial weathering and its potential as an element 

for façades systems 

Journal: Construction and Building Materials 

Year: 2018 

Impact factor: 4.046 (published) 

JC and JR: Materials science, multidisciplinary (70/293) Q1 

III. Authors: Tahari N., de Hoyos-Martinez P.L., Abderrabba M., 

Ayadi S., Labidi J. 

Title: Hydrogel based on lignin and montmorillonite for toluene 

removal 

Journal: Reactive and functional polymers 

Year: 2018 
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Impact factor: 3.074 (current) 

JC and JR: Polymer science (18/87) Q1 

(under revision) 

Besides the mentioned articles, during the development of the doctoral 

thesis the following book chapters have been published: 

I. Authors: Fernández-Rodríguez J., Erdocia X., de Hoyos P. L., 

Sequeiros A., Labidi J. 

Title: Catalytic Cascade Transformations of Biomass into Polyols 

Book: Production of Biofuels and Chemicals with Bifunctional 

Catalysts 

Chapter: 6 

Year: 2017 

Publisher: Springer 

II. Authors: Saad H., de Hoyos P. L., Srasra E., Charrier-El Bouhtoury, 

F. 

Title: Advances in Bio-Nanohybrid Materials 

Book: Green and Sustainable Advanced Materials: Processing and 

Characterization, Volume 1 

Chapter: 11 

Year: 2018 

Publisher: Wiley 

 

 



Fireproofing biosourced-phenolic resins for the protection of wood and wood composites 

 

186 

5.3.2 Contributions to scientific conferences 

In this part are presented all the works presented in scientific conferences 

during the development of the doctoral thesis: 

I. Authors: Pedro Luis de Hoyos Martínez, Xabier Erdocia, Fatima 

Charrier-El Bouhtoury, Jalel Labidi 

Title: “Almond shell lignin extraction via consecutive organosolv 

delignification treatments and its characterization” 

Congress: FP1306 COST Action, Second Workshop and Third MC 

Meeting: Valorization of lignocellulosic biomass side streams for 

sustainable production of chemicals, materials & fuels using low 

environmental impact technologies. 

Participation: Poster 

Date: 4th-6th April, 2016 

Place: Dubrovnik (Croatia) 

II. Authors: Itziar Egüés, Arantxa Olasagasti, Xabier Erdocia, Pedro 

Luis de Hoyos Martinez, Silvia H. Fuentes, Jalel Labidi 

Title: “Lignin-based resol resins: effect Lignin-of lignin 

fractionation” 

Congress: 14th European Workshop on Lignocellulosics and Pulp 

(EWLP). 

Participation: Poster 

Date: 28th-30th June, 2016 

Place: Autrans (France) 
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III. Authors: Pedro Luis de Hoyos Martinez, Xabier Erdocia Iriarte, 

Fatima Charrier El- Bouhtoury, Jalel Labidi 

Title: “Extraction of almond shells lignin by means of sequential 

organosolv treatments and its latter characterization” 

Congress: XXIII TECNICELPA - International Forest, Pulp and 

Paper Conference 

Participation: Poster 

Date: 12th-14th October, 2016 

Place: Porto (Portugal) 

IV. Authors: Pedro Luis de Hoyos Martinez, Jalel Labidi, Fatima 

Charrier El- Bouhtoury 

Title: “Tannins general classification, characterization techniques 

and potential applications” 

Congress: International Conference on Materials and Energy 

(ICOME) 

Participation: Poster presentation 

Date: 6th-9th July, 2017 

Place: Tianjin (China) 

V. Authors: Pedro Luis de Hoyos Martinez, Jalel Labidi, Fatima 

Charrier El- Bouhtoury 

Title: “Biobased phenolic resins for wood protection against fire” 

Congress: FP1407 COST Action, 3rd meeting: “Wood modification, 

research and applications”. 

Participation: Poster presentation 

Date: 14th-15th September, 2017 

Place: Kuchl (Austria) 
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VI. Authors: Pedro Luis de Hoyos Martinez, Jalel Labidi, Fatima 

Charrier El- Bouhtoury 

Title: “Formulation of a hybrid organic-inorganic matrix coating 

for the protection of wood” 

Congress: 10th World Congress of Chemical Engineering (WCCE) 

Participation: Poster  

Date: 1st-5th October, 2017 

Place: Barcelona (Spain) 

VII. Authors: Pedro Luis de Hoyos Martinez, Jalel Labidi, Fatima 

Charrier El- Bouhtoury 

Title: “Bio-sourced hybrid phenolic fireproofing resins for novel 

applications” 

Congress: International Conference on Materials and Energy 

(ICOME). 

Participation: Poster presentation 

Date: 30th-4th April/May, 2018 

Place: San Sebastian (Spain) 

VIII. Authors: Pedro Luis de Hoyos Martinez, Jalel Labidi, Fatima 

Charrier El- Bouhtoury 

Title: “Chemical characterization and curing behaviour of hybrid 

biosourced phenolic resins.” 

Congress: 4th Iberoamerican Congress on Biorefineries (4-CIAB). 

Participation: Poster 

Date: 24th-26th October, 2018 

Place: Spain (Spain) 
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IX. Authors: Pedro Luis de Hoyos Martinez, René Herrera, Jalel 

Labidi, Fatima Charrier El- Bouhtoury 

Title: “Preliminary analysis of bio-sourced hybrid resins as 

coatings for wood protection.” 

Congress: FP 1407 COST Action: “Living with modified wood”. 

Participation: Poster presentation 

Date: 12th-13th December, 2018 

Place: Belgrade (Serbia) 

X. Authors: René Herrera Díaz, Oihana Gordobil, Pedro L. de Hoyos-

Martínez, Jalel Labidi, Rodrigo Llano-Ponte 

Title: “Improving hydrophobicity and thermal stability of wood 

through esterification with fatty acids.” 

Congress: FP 1407 COST Action: “Living with modified wood”. 

Participation: Poster presentation 

Date: 12th-13th December, 2018 

Place: Belgrade (Serbia) 

XI. Authors: Pedro Luis de Hoyos Martinez, René Herrera, Jalel 

Labidi, Fatima Charrier El- Bouhtoury 

Title: “Biosourced phenolic resins as coatings for the protection of 

wood and wood composites against fire.” 

Congress: International Research Group on Wood Protection 50th 

Conference (IRG-WP50). 

Participation: Oral presentation 

Date: 12th-16th May, 2019 

Place: Quebec (Canada) 
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5.3.3 Recognitions and awards  

During the development of the doctoral thesis, the following awards were 

won, thanks to thesis-related activities and works: 

I. Event: “Journées de l'Ecole Doctorale des Sciences Exactes et leurs 

Applications (ED211)”-University of Pau and Pays de l’Adour 

Award: Best poster presentation award 

Date: 21st-22nd June, 2017 

Place: Pau (France) 

II. Event: International Conference on Materials and Energy (ICOME) 

Award: Best poster award 

Date: 30th-4th April/May, 2018 

Place: San Sebastian (Spain) 

III. Event: “13th Journées des Thèses des Bois”-Xylofutur 

Award: “GDR Bois award” to oral presentation 

Date: 13th September, 2018 

Place: Limoges (France) 

IV. Event: FP 1407 COST Action, final conference: “Living with 

modified wood”. 

Award: Best poster presentation award 

Date: 12th-13th December, 2018 

Place: Belgrade (Serbia) 
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V. Event: “Ma thèse en 180s”. 

Award: 4th Price and classification for Regional Final 

Date: 19th March, 2019 

Place: Pau (France) 

VI. Place: Belgrade (Serbia)Event: International Research Group on 

Wood Protection 50th Conference (IRG-WP50). 

Award: “Ron Cockcroft Award (RCA)” 

Date: 12th-16th May, 2019 

Place: Quebec (Canada) 

VII. Event: International Research Group on Wood Protection 50th 

Conference (IRG-WP50). 

Award: “Viance Innovation Award” to most innovative oral 

presentation 

Date: 12th-16th May, 2019 

Place: Quebec (Canada) 
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Annex I: Characterization of the lignocellulosic 

biomass 

I.1 Moisture content 

Procedure TAPPI T264-cm-97. Preparation of wood for chemical analysis. 

I.2 Extractives content 

Procedure TAPPI T204-cm-97. Solvent extractives of wood and pulp. 

I.3 Ashes content 

Procedure TAPPI T211 om-02. Ash in wood, pulp, paper and paperboard: 

combustion at 525 °C 

I.4 Acid insoluble lignin content 

Procedure TAPPI T222-om-98. Quantitative acid hydrolysis with 72% 

H2SO4. 

I.5 Holocellulose content of biomass 

Holocellulose comprises the water insoluble carbohydrates fraction of the 

lignocellulose, that is, the sum of hemicellulose and cellulose. The 

holocellulose content was determined according to the method proposed 

by Wise et al., 1946. 

I.6 Cellulose content of biomass 

The procedure to obtain the wood cellulose is referred as the ‘’Rowell 

method’’ from the book: The Chemistry of Solid Wood, 1984, edited by 

Professor R. Rowell. 
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Annex II: Characterization of the liquor from 

organosolv extraction 

II.1.1 Density 

The density was calculated gravimetrically by measuring the weight of 

known volume of a volumetric flask filled with the liquid fraction. 

II.1.2 pH 

The pH of the liquid fraction was determined using a pH meter “CRISON 

basic 20”. 

II.2 Chemical composition of the liquor 

The chemical composition of the liquor obtained from the organosolv 

extraction process was assessed based on the content of total dissolved 

solids, the organic content, inorganic content and the lignin content. 

The percentage of total dissolved solids (TDS) was performed according 

to the ASTM D4426-96 standard. 

The inorganic content (IC) was determined by the combustion of a liquor 

sample in a muffle. The crucible assembly-solid residue obtained in the 

previous experiment (total dry solids) is combusted in the oven at 525 ºC 

for 3 hours. Subsequently, after cooling to room temperature in 

desiccators, the crucible is weighed assembly (mf). 

IM (%) = [(mf-mi)/m]∙100     (10) 

mf: final weight of the crucible after combustion 

mi: weight of dried crucible with solid dry residue 

m: weight of the liquid sample 

The organic matter (OM) is determined by the difference between the 

percentage of total dissolved solids (TDS) and inorganic content (IM). 
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OM (%) = TDS (%)-IM (%)     (11) 

The lignin content in the liquor (LC) was calculated as the ratio between 

the lignin extracted and the volume of the liquor obtained from the 

organosolv process. 

LC (%) = [mL/(VL∙ρL)]∙100     (12) 

mL: mass of lignin extracted 

VL: volume of liquor obtained from the organosolv process 

ρL: density of the liquor obtained from the organosolv process 
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Annex III: Characterization of the lignins 

III.1.1 Klason lignin (acid-insoluble lignin) 

3.75 mL of 72% of H2SO4 was added to 3.75 mg of lignin sample and was 

maintained for 1 h at 30 °C. Then, 36.25 mL of distilled water was added, 

and it was hydrolyzed at 120°C during 1.5 h. After cool down for 15 

minutes, the solid residue was filtrated, oven dried and weighed as Klason 

lignin. The percentage of this parameter is calculated as follows: 

Klason lignin (%) = [A/W]∙100    (13) 

A: weight of acid-insoluble lignin 

W: weight of the initial sample 

III.1.2 Acid-soluble lignin 

The filtrated liquid fraction from the previous method was reserved for 

determination of acid soluble lignin fraction by spectrophotometry (UV 

absorption at 205 nm). 

III.1.3 Ash content 

The ash content of the lignins was determined by following the same 

procedure described in Annex I.3 of combustion at 525 ºC. 

III.1.4 Carbohydrate content by means of high 

performance liquid chromatography (HPLC) 

A part of the filtrated liquid fraction reserved from the acid-insoluble 

lignin was injected into a high performance liquid chromatography 

equipment to elucidate the main monosaccharides present in the lignin 

samples. This liquid phase was analyzed via High Performance Liquid 

Chromatography (HPLC) using a Jasco LC Net II/ADC chromatograph 

equipped with a refractive index detector and a diode array detector and 

a Phenomenex Rezex ROA column. The mobile phase (0.005 N H2SO4) was 

eluted at a flow rate of 0.35 mL∙min-1 at 40 ºC. 
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Standards of high purity of D-(+)- glucose, D-(+)-xylose and D-(-)-

arabinose (provided by Flucka) were employed as calibration. The 

carbohydrate content was determined as follows: 

Carbohydrate content (%) = [(A∙B)/(C∙1000)]∙100  (14) 

A: concentration obtained in the HPLC 

B: total volume filtrated in the acid-insoluble lignin method 

C: initial weight of lignin 

III.2 Total hydroxyl groups content 

The total hydroxyl group content of the lignin samples was determined by 

the Folin-Ciocalteu spectrophotometric method employing gallic acid as 

reference and dimethyl sulfoxide (DMSO) as solvent standard. The 

samples of lignin were prepared with a concentration 2 g∙L-1 in dimethyl 

sulphoxide (DMSO). For the assay, aliquots of 0.5 mL lignin solution were 

mixed with 2.5 mL of Folin Ciocalteau reagent (Merck) and 5mL Na2CO3 

and brought to a volume of 50 mL with distillate water. Following to that, 

the samples were covered to protect them against light and kept into a 

thermostatic bath at 40 ºC for 30 min. After this time, the absorbance of the 

samples at 750 nm was measured using a spectrophotometer Jasco V-630 

UV with UV quartz cells and a 10mm light path. The calibration curve was 

done using solutions of gallic acid in DMSO in the range 100-1000 mg∙L-1. 

The results were presented either as concentration of gallic acid 

equivalents, as percentage of gallic acid equivalents and as percentage of 

hydroxyl groups: 

CGAE (mg∙L-1) = A/Kcal      (15) 

A: absorbance measured at 750 nm 

Kcal: slope of the calibration curve obtained with gallic acid 

GAE (%) = CGAE /Csample     (16) 

CGAE: concentration of gallic acid equivalents 

Csample: initial concentration of the lignin samples 
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OH(%)=CGAE (1/MwGA)∙n∙MwOH∙(1/Csample)∙100   (17) 

CGAE: concentration of gallic acid equivalents 

MwGA: molecular weight of gallic acid 

n: number of hydroxyl groups 

MwOH: molecular weight of hydroxyl groups 

Csample: initial concentration of the lignin samples 

III.3 Molecular weight determination by means of High 

performance size exclusion chromatography (HPSEC) 

This analysis was performed with a chromatograph Jasco instrument 

equipped with an interface LC Net II/ADC, a reflex index detector RI-

2031Plus and two PolarGel-M (300 mm × 7.5 mm) columns displayed in 

series. The analyses were carried out using dimetylformamide with 0.1% 

lithium bromide as mobile phase and a 0.7∙mL min−1 flow at 40 °C. The 

equipment was calibrated using polystyrene standards from Sigma-

Aldrich ranging between 70000 and 266 g∙mol-1. All of the samples were 

analyzed in duplicate and if still considerable divergences were observed, 

a triplicate was carried out. 

III.4 Pyrolysis-gas chromatography/mass spectroscopy 

analysis (Py-GC/MS) 

The equipment used was a 5150 Pyroprobe pyrolyzer branched to a gas 

chromatograph (Agilent 6890), which was coupled to a mass spectrometer 

(Agilent 5973). The GC column size dimensions were 30 m × 0.25 mm × 

0.25 µm. The samples in the range of 400−800 µg, were pyrolyzed at 600 °C 

for 15 s using a heating rate of 20 °C∙ms -1. Then, the pyrolyzates were 

purged from the pyrolysis interface into the GC injector under inert 

conditions (He). The GC oven was programmed in the following intervals: 

start at 50 °C and hold for 2 min; temperature increases to 120 °C at 10 

°C∙min-1 holding it for 5 min; increment of temperature to 280 °C at 10 

°C∙min-1 hold during 8 min; and a final temperature raise to 300 °C at 10 

°C∙min-1 hold for another 10 min. 
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The identification of the compounds was achieved by the gas 

chromatograph coupled to the mass spectrometer (GC–MS). This 

identification was carried out by comparing the obtained mass spectra to 

the National Institute of Standards Library (NIST) and the mass spectra of 

other compounds reported in the literature, especially through their m/z 

numbers. 

III.5 Thermogravimetric analysis (TGA) 

This analysiswas performed in a TA instrument thermogravimetric 

analysis (TGA) Q5000 IR equipment, under dynamic nitrogen flow with a 

flow rate of 40 mL min−1. Samples in the range of 5−10 mg were placed in 

a platinum crucible and heated in a temperature range of 30−800 °C at a 

constant heating rate of 10 °C min−1 under a N2 or O2 atmosphere (airflow 

60mL∙min-1). For the quantitative calculations, the response factors 

between the weight gain (thermogravimetric) and the mass loss rate 

(differential thermogravimetric) were determined. 

III.6.1 Fourier Transformed Infrared Spectroscopy 

analysis (FTIR) 

The Fourier transformed infrared (FTIR) analysis was performed on a 

Spectrum Two FTIR Spectrometer PerkinElmer (USA) with a L1050231 

Universal Attenuated Total Reflectance accessory (ATR). First, a 

background spectrum was collected to subtract it from the spectrum of the 

sample. Then, a few mg of the sample were analyzed, with a number of 64 

scans accumulated in transmission mode and a resolution of 4 cm−1. The 

spectrum was obtained in the range of 4000−400 cm−1. 
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III.6.2 1H-Nuclear Magnetic Resonance 

spectroscopy analysis (1H-NMR) 

The 1H NMR analysis was performed in a 400 MHz Bruker AVANCE 

spectrometer (equipped with a 5 mm BBFO probe) at ambient temperature 

by using dimethyl sulfoxide (DMSO) as solvent. The chemical shifts are 

quoted in ppm relative to tetramethylsilane (δH = 0.00 ppm). The 

experimental conditions consisted of a pulse width 8.1 ms (zg pulse 

program), an acquisition time of 1.9 s, a pre-scan delay of 6.5 µs, and a 

relaxation delay between scans of 5 s. The spectrum width was 16.0 ppm 

(6400 Hz) and 128 scans were accumulated. 

III.6.2.1 Determination of hydroxyl groups by means of 1H-

Nuclear Magnetic Resonance spectroscopy analysis (1H-NMR) 

To confirm the presence of hydroxyl groups within the signals from the 

NMR spectra, the samples were added to trifluoroacetic acid (TFA) prior 

to the 1H NMR analysis. TFA is known to react with alcohols through the 

hydroxyl groups, leading to the esterification of the polymer. By 

comparing the spectra of the samples without any TFA added and the 

spectra after addition of a small volume of TFA, the position of the peaks 

due to the hydroxyl groups can be determined. Thereby, it is seen that 

some peaks present in the spectra of the original samples, disappear after 

adding TFA. These signals can be undoubtedly defined as hydroxyl 

derived protons. 

III.7 X-ray Diffraction analysis 

X-ray powder diffraction was measured to evaluate the introduction and 

substitution of the inorganic nanoparticles in the modified lignin structure. 

Diffraction scatters were collected with a Panalytical Phillips X’Pert PRO 

multipurpose diffractometer (Almelo, the Netherlands) using 

monochromatic Cu Kα radiation (λ = 1.541874 Å) in the 2θ range from 3° 

to 70° with a step size of 0.026 at room temperature and a counting time 

of 148.92 s. 
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Annex IV: Characterization of the tannins 

IV.1 Anthrone method (total carbohydrate content) 

This method was based on the procedure described by Hedge and 

Hofreiter, 1962 374. A sample amount of 100 mg was taken into boiling 

tubes and hydrolyzed by keeping it in boiling water bath for 3 h with 5 

mL of a solution of HCl 2.5 N. After that, the samples were cooled down 

to room temperature and they were diluted to a volume of 100 mL with 

distilled water. Then, they were centrifuged and the supernatant was 

taken for analysis. An aliquot of 0.5 mL of this supernatant was diluted to 

1mL with distilled water and added 4mL of the anthrone reagent (200mg 

of athrone in 100 mL of sulfuric acid 95 %). Then, it was heated during 8 

minutes in a boiling water bath and cooled rapidly to read the absorbance 

at 630 nm using a spectrophotometer Jasco V-630 UV with UV quartz cells 

and a 10 mm light path. The calibration curve was done using solutions of 

glucose in water in the range 0-100 mg∙L-1. The results were presented 

either as concentration in mg/L or percentage of glucose: 

Cglucose (mg∙L-1) = A/Kcal     (18) 

A: absorbance measured at 630 nm 

Kcal: slope of the calibration curve obtained with glucose 

Glucose (%) = Cglucose/Csample     (18) 

Cglucose: concentration of glucose standard 

Csample: initial concentration of the extracts 

IV.2 Total flavonoid content 

This method was carried out based on the work by Chandra et al., 2014 375. 

Extracts of 1mg∙mL-1 in ethanol were prepared and then diluted to 1 mL 

with methanol. Following to this, the samples were added 4 mL of distilled 

water and 0.3 mL of NaNO2 (5%) and incubated during 5 minutes. After 

that, 0.3 mL AlCl3 (10%) were added and the mixture was agitated by 

means of a vortex and left stand during 6 minutes. 
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Then, 2 mL of NaOH 1M and the samples were brought to a volume of 10 

mL of distilled water. Finally it was left stand during 15 minutes and the 

absorbance was measured at 510 nm using a spectrophotometer Jasco V-

630 UV with UV quartz cells and a 10mm light path. The calibration curve 

was done using solutions of quercetin in methanol in the range 0-120 mg∙L-

1. The results were presented either as concentration in mg/L or percentage 

of quercetin equivalents: 

CQE (mg∙L-1) = A/Kcal      (19) 

A: absorbance measured at 510 nm 

Kcal: slope of the calibration curve obtained with quercetin 

QE (%)=CQE /Csample    (20) 

Cquercetin: concentration of quercetin equivalents 

Csample: initial concentration of the extracts 

IV.3 Total condensed tannin content 

This method was carried out based on the work by Scalbert et al., 1989 376. 

An aliquot of 0.5 mL of aqueous extract (diluted 100 times) was added to 

5 mL of an acidic ferrous solution (77 mg of FeSO4∙7H2O in 500 mL of 

HCl/BuOH (2/3)). The tubes were covered and placed in a water bath at 

95  C for 15 minutes. 

Then, the absorbance was measured at 530 nm using a spectrophotometer 

Jasco V-630 UV with UV quartz cells and a 10 mm light path. The results 

were expressed as concentration in percentage of cyaniding equivalents. 

This content was calculated using the formula given below: 

CyE (%) = [(A∙VT∙D∙MwCy)/(l∙ε∙ν∙msample)]*100  (20) 

A: absorbance of the sample at 530nm 

VT: total volume of reaction 

D: dilution factor 

MwCy: molecular weight cyanindin 

l: path length 

ε: molar extinction coefficient 
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ν: volume of aliquot of extract 

msample: mass of dry extract sample 

IV.4 Stiansy index (tannins reactivity) 

The reactivity of extractives with regard to formaldehyde was determined 

by the Stiasny number measurement as described by Yazaki and Hills., 

1998 377. A solution of extracts of 4 g.L-1 was prepared. Then, 25 mL of this 

solution was poured in a round bottom flask and 5 mL of formaldehyde 

(37%) and 2.5 mL of HCl (10 M) were added. The mixture was heated 

under reflux for 30 min. The residue was filtered through a sintered glass 

n°3. Finally, the precipitate was washed with distilled water and was dried 

at 105 °C during 24 h. The reactivity was calculated as follows: 

SI (%) =A/B      (21) 

A: dry weight of precipitate 

B: dry weight of tannin extract 
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Annex V: Characterization of the resins 

V.1.1 Viscosity 

Shear viscosity was measured using a viscometer Alfa (Fungilab) with a 

small sample adapter (APM/B), and a TL5 spindle. Samples of 6mL were 

placed in the portable sampler and the viscosity was measured using the 

suitable rotation speed. Several measurement were taken over time until 

the values became constant. 

V.1.2 Non-volatile content (NVC) 

Procedure ASTM D4426-01. Standard Test Method for Determination of 

Percent Nonvolatile Content of Liquid Phenolic Resins Used for Wood 

Laminating. 

V.2 Determination of the hydroxyl number 

Procedure ASTM D4274-99. Standard Test Method for Testing 

Polyurethane Raw Materials: Determination of Hydroxyl Numbers of 

Polyols. 

V.3 Determination of the acid/alkalinity number 

Procedure ASTM D974-04. Standard Test Method for Polyurethane Raw 

materials: Determination of Acid and Alkalinity Numbers of Polyols.  

V.4 Differential Scanning Calorimetry analysis (DSC) 

This analysis was carried out in a TA instrument (DSC Q500) under 

dynamic nitrogen flow rate of 60 mL min−1. Samples between 4-8 mg were 

placed in a sealed aluminum pan of high pressure and heated in the range 

30-525 ºC at a constant heating rate of 10 °C min−1 under nitrogen 

atmosphere. 
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V.5 Determination of the elasticity index 

The measurement of the elasticity index for the different resins 

formulations was carried out with a RHEOLASER LAB6+ (Formulaction). 

This measurement allowed the determination of the point at which the 

resins were already cured for a defined temperature. Samples of 10-15 mL 

of resins were taken for the analysis. Prior to the analysis a dispersion 10% 

TiO2 nanoparticles was added with a ratio 1:7.5, nanoparticles: resins. 

After that, the mixture was poured into a cylindric glass cell and it was 

introduce into the equipment. Then each sample was subjected to a light 

source radiation of 650 nm until it reached a temperature of 60ºC and kept 

at that temperature until the values of the elasticity index arrived to 

constant values. 
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Annex VI: Assessment of the performance of the 

coatings 

VI.1 Calorimetry pump analysis 

This test was carried out by means of a Parr 6200 Calorimeter in 

isoperibolic mode. The combustion of the samples was performed in a 

Parr 1108 oxygen bomb. The samples were prepared with a size of 20x20x3 

mm so that they could fit into the circular sample holder of the oxygen 

bomb. Then a tungsten filament was connected between the two poles of 

the oxygen bomb, in which the current was applied to produce the spark 

leading to the combustion. It was assured that the filament was in contact 

to the sample, which was subjected to combustion. Then the oxygen bomb 

was hermetically close and it was pressurized with oxygen. Following to 

this, the bomb was meticulously introduced into an oval bucket, which 

was filled with 2 L of water, and in the calorimeter. After that, the wires 

producing the current were connected from the calorimeter to the poles of 

the oxygen bomb and the machine was closed. Then the analysis was 

started through the interface of the machine and after a period of 6 

minutes, the results of the High Heating Values (HHV) of the samples 

were presented in the screen. The measurements for this analysis were 

done in triplicate. Besides a calibration was performed before analyzing 

any samples by using benzoic acid, which has a known HHV (26.454 

MJ∙Kg-1). After every measurement, the bomb was depressurized and then 

open to clean the inside wall and the lid, and to remove the pieces of the 

remaining filament. After each combustion, no sample was remaining 

inside the oxygen bomb. 
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VI.2 Flammability analysis 

Procedure UNE-EN 60695-11-10:2014. Ensayos relativos a los riesgos del 

fuego. Parte 11-10: Llamas de ensayo. Métodos de ensayo horizontal y 

vertical a la llama de 50W. 

VI.3 Conductivity analysis 

This test was performed with conductivity meter instrument “Hot Disk 

TPS 1500” and a probe Kapton Ref. 5456 of 3.189 mm radius. First, the 

wood samples were prepared with dimensions 30x20x10 mm. Two 

symmetrical parts of each sample were cut to set them in the upper and 

the lower part of the probe. Prior to the measure of the conductivity, 

different parameters (power and time of discharge) were set appropriately 

to ensure the accuracy of the results. Besides the temperature of both parts 

of the sample was measured and set as another input parameter of the 

machine. The conductivity was measured in triplicate for each of the 

samples. 
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