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In recent decades, a growing and undeniable global concern regarding 

environmental issues has been observed, driven by the adverse impacts of anthropogenic 

activities, notably the excessive dependence on fossil resources. Greenhouse gas emissions, 

pollution, and the depletion of non-renewable raw materials demand an urgent transition 

towards more sustainable economic and technological models. 

In this context, the principles of Green Chemistry and Green Engineering gain 

prominence, advocating for the development of processes and products that minimize or 

eliminate the use and generation of hazardous substances. One of the cornerstones of this 

transition lies in the valorization of biomass, an abundant and diverse renewable source 

(CASAU et al., 2022; NING et al., 2021). 

Lignocellulosic biomass, derived from sources such as agricultural, forestry, and 

industrial residues, emerges as a promising alternative to petrochemical feedstocks for the 

production of energy, fuels, and a wide range of value-added chemicals, aligning with the 

concepts of biorefinery and circular economy (CASAU et al., 2022)

Lignocellulosic biomass is primarily composed of three biopolymers: cellulose, 

hemicelluloses, and lignin. While cellulose and hemicelluloses have been extensively exploited, 

lignin, the second most abundant organic polymer on Earth after cellulose, remains largely 

underutilized (ALAM et al., 2024; SHOREY et al., 2024). Structurally, lignin is a complex, 

amorphous, and three-dimensional aromatic polymer resulting from the radical polymerization 

of three main phenylpropanoid monomers: p-coumaryl alcohol, coniferyl alcohol, and sinapyl 

alcohol (LAURICHESSE; AVÉROUS, 2014a; XU; FERDOSIAN, 2017). Its primary function 

in plants is to provide structural rigidity to the cell wall, impermeability to water, and resistance 

against microbial attacks (BILAL et al., 2017). Despite often being treated as a residue in pulp 

and paper production processes (where it is mostly burned for energy generation), lignin's 

structure, rich in phenolic and aliphatic units, endows it with intrinsic potential to be converted 

into a myriad of aromatic chemicals, building blocks, resins, adhesives, composites, and other 

high-value-added materials (BAJWA et al., 2019). The effective valorization of lignin is, 

therefore, a crucial step for the economic viability and sustainability of lignocellulosic 

biorefineries. 

The separation of lignin from other biomass components, a process known as 

delignification, is a fundamental step for its subsequent utilization. Various pretreatment and 



extraction methods have been developed, such as the Kraft process, widely used in the pulp 

industry, which employs alkaline conditions and sulfide, resulting in lignin with incorporated 

sulfur and structural modifications, and the Organosolv process, which uses organic solvents 

and produces lignins with higher purity and potentially better-preserved structure(ALAM et al., 

2024). Other processes, including Soda, steam explosion, and emerging methods using ionic 

liquids or deep eutectic solvents, are also explored(SAADAN et al., 2024). It is crucial to 

emphasize that the delignification method profoundly influences the final chemical structure of 

the isolated lignin, affecting molecular weight, polydispersity, functional group content, and 

degree of condensation (SAADAN et al., 2024). These structural differences, in turn, dictate 

lignin's physicochemical properties (solubility, thermal stability, reactivity) and, consequently, 

its suitability for specific application. A detailed understanding of this structure-property-

process relationship is essential. 

Although lignin possesses intrinsic potential, its native properties such as 

heterogeneity, low solubility, and variable reactivity often limit its direct application. Chemical 

modification emerges as a powerful strategy to customize lignin's properties, making it more 

processable and compatible (KOMISARZ; MAJKA; PIELICHOWSKI, 2023). Among the 

various possible reactions (phenolation, urethanization, etc.), esterification, particularly 

acetylation, has received considerable attention. Acetylation, by introducing acetyl groups 

(CH3CO-), typically increases solubility in a wider range of organic solvents, reduces polarity, 

and can improve compatibility with polymers and thermal stability (JOHANSSON et al., 

2023a; SHOREY et al., 2024; SZABÓ et al., 2021; TREJO-CÁCERES; SÁNCHEZ; MARTÍN-

ALFONSO, 2023). Traditionally performed with reagents like acetic anhydride, the search for 

greener alternatives is growing.

Despite advancements, a detailed understanding of how the extraction method 

affects the fine structure of lignin from specific sources, such as Eucalyptus urograndis, and the 

development of greener and more selective chemical modification methods, are fundamental. 

Controlled acetylation, aiming for partial and selective modification, and the use of milder 

reagents like acetic acid, represent promising and less explored approaches, especially for 

industrial Kraft lignin. 

In this context, the main objectives of this doctoral thesis are: 1) To investigate and 

compare the effect of different delignification methods on the structural and physicochemical 

characteristics of lignin isolated from Eucalyptus urograndis; and 2) To explore the partial and 

potentially selective acetylation of Eucalyptus urograndis Kraft lignin, employing acetic acid 



as a green acetylating agent, investigating the effect of reaction conditions on the degree of 

substitution, selectivity, and properties of the resulting material. It is expected that the results 

obtained will contribute to a better understanding of eucalyptus lignin structure and its 

relationship with the extraction method, as well as provide valuable insights into more 

sustainable chemical modification routes for this important renewable biopolymer. 



Lignin stands as one of the principal structural components within the secondary 

cell walls of terrestrial vascular plants 

. It is formally defined as a complex, high-molecular-weight, three-dimensional, 

amorphous biopolymer characterized by its alkyl-aromatic nature 

. Lignin is part 

of the lignin-carbohydrate complexes (LCC) that are found in cell walls of plants and woody 

materials, as illustrated in Figure. 1. 



Following cellulose, lignin is the second most abundant natural organic polymer on 

Earth, constituting a significant fraction of lignocellulosic biomass, typically ranging from 15% 

to 35% by dry weight, and even up to 50% in specialized tissues like fruit endocarps. This 

abundance translates to lignin representing approximately 30% of the organic carbon in the 

biosphere, making it the planet's largest renewable reservoir of aromatic structures 

The biosynthesis of lignin is an intricate process originating from the 

phenylpropanoid metabolic pathway, utilizing the amino acid phenylalanine (and tyrosine in 

certain pathways) as the primary precursor . This pathway can be 

broadly divided into three sequential stages. First, the synthesis of monomeric precursors, 

known as monolignols (specifically, p-coumaryl alcohol, coniferyl alcohol, and sinapyl 

alcohol), occurs within the cytoplasm through a series of enzymatic reactions including 

deamination, hydroxylation, methylation, and reduction. These monolignols are often 

glycosylated, rendering them water-soluble and less toxic for transport. Second, these 

monomers are transported from the cytoplasm across the plasma membrane to the apoplast, the 

region outside the cell membrane where cell wall construction takes place 

 . The exact mechanism of transport remains under 

investigation, potentially involving passive diffusion targeted to specific polymerization sites 

(DIXON; BARROS, 2019) . Third, within the secondary cell wall, the monolignols undergo 

oxidative polymerization . This crucial step involves the generation 

of monolignol radicals through the action of oxidative enzymes, primarily cell wall-bound 

peroxidases (POD) and laccases (LAC), utilizing hydrogen peroxide as an oxidant 

. These radicals then couple in a combinatorial, seemingly 

random fashion ('radical-radical coupling') to form the growing lignin polymer network, 

creating a diverse array of intermolecular linkages . 



The complex macromolecular structure of lignin arises from the polymerization of 

three primary phenylpropanoid monomers, commonly referred to as monolignols: p-coumaryl 

alcohol, coniferyl alcohol, and sinapyl alcohol. These precursors differ structurally in the 

number of methoxy groups attached to the C3 and C5 positions of their aromatic rings: p-

coumaryl alcohol has no methoxy groups, coniferyl alcohol has one at C3, and sinapyl alcohol 

has two, at C3 and C5. Once incorporated into the lignin polymer via oxidative radical coupling, 

these monolignols give rise to distinct structural units: p-hydroxyphenyl (H), guaiacyl (G), and 

syringyl (S) units, respectively (KATAHIRA; ELDER; BECKHAM, 2018). 

Figure 2 shows the structures of the three primary phenylpropanoid monomers and 

their corresponding H, G and S structural units.



The polymerization process connects these H, G, and S units through a diverse array 

of stable intermolecular bonds, primarily involving the ³-carbon of the side chain and the 

aromatic ring or phenolic oxygen of adjacent units (LIU; LUO; ZHENG, 2018; RALPH; 

LAPIERRE; BOERJAN, 2019). These linkages can be broadly classified into two main types: 

ether bonds (C3O3C) and carbon3carbon bonds (C3C) (WANG et al., 2023).

The most prevalent inter-unit linkage across all lignin types is the ³-O-4 aryl ether 

bond, which typically accounts for 40% to over 60% of all linkages, depending on the biomass 

source. This linkage involves an ether bond between the ³-carbon of one unit's side chain and 

the phenolic oxygen (at C4) of another unit. Its relative abundance and comparative lability 

make it a primary target in chemical delignification and depolymerization processes 

(DEMUNER, I. F., COLODETTE, J. L., DEMUNER, A. J., & JARDIM, 2019; KATAHIRA e 

colab., 2018; LI, Wenqi e AMOS e e colab., 2018).

Other significant linkages contribute to the three-dimensional network structure 

(KATAHIRA; ELDER; BECKHAM, 2018):

• ³ 3 ³

• 3

• ³ ³ 3 ³
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In addition to the backbone structure formed by these linkages, lignin possesses 

various peripheral functional groups that influence its chemical reactivity and physical 

properties. These include phenolic hydroxyl groups (Ar3OH), aliphatic hydroxyl groups 

(primarily at the ³ and ´ positions of the side chain), methoxyl groups (3OCH£) attached to the 

aromatic ring, and smaller amounts of carbonyl and carboxyl groups. The relative abundance 

and accessibility of these groups, particularly the hydroxyl groups, are critical for chemical 

modification strategies (KARTHÄUSER et al., 2021; SAADAN et al., 2024).

The specific combination of monomers and the resulting linkage patterns 

profoundly influence lignin's overall architecture and properties. The relative proportion of 

easily cleaved ether bonds versus more recalcitrant C3C bonds is a key determinant of lignin's 

behavior. Ether linkages, especially the ³-O-4 type, are generally less stable and more 

susceptible to chemical cleavage under various pulping or depolymerization conditions (LI et 

al., 2018a; SUN et al., 2018; WANG et al., 2023). Carbon-carbon linkages like ³-5 and 5-5' 

require significantly higher bond dissociation energies to break, contributing to lignin's 

recalcitrance. Monomer composition dictates the potential linkage types: S units, being 

methoxylated at both C3 and C5, primarily participate in ³-O-4 linkages as the C5 position is 

blocked for C-C coupling, leading to more linear polymer chains. G units, with a free C5 

position, can form ³-O-4, ³-5, and 5-5' linkages, resulting in more branched and condensed 

structures. H units, lacking methoxy groups, tend to favor C-C bond formation. Consequently, 

lignins rich in S units (like hardwoods) tend to be more linear and have a higher proportion of 

cleavable ³-O-4 bonds compared to G-rich lignins (like softwoods), which are more condensed 

and branched. These structural differences directly impact physical properties like rigidity and 

chemical properties like degradability and suitability for specific valorization pathways (LI et 

al., 2018a; RESE et al., 2025; SUN et al., 2018; WANG et al., 2023).

Furthermore, the inherent randomness of the radical coupling polymerization 

process results in significant structural heterogeneity and polydispersity, even within lignin 

isolated from a single plant source. Unlike the precise, template-driven synthesis of proteins or 

DNA, lignin polymerization lacks a defined sequence or repeating unit (HASANOV; RAUD; 

KIKAS, 2020; JASIUKAITYTĖ-GROJZDEK et al., 2025; JÕUL et al., 2022; RIDDELL et al., 

2024; WANG et al., 2020). This leads to a distribution of polymer chains with varying 

molecular weights (high polydispersity index, PDI) and diverse arrangements of monomers and 

linkages. This intrinsic variability presents major challenges for detailed structural 

characterization and contributes to batch-to-batch inconsistencies in technical lignins derived 



from industrial processes, thereby hindering the development and deployment of reproducible, 

high-value applications (GONÇALVES et al., 2021; SONG et al., 2024) .

The botanical origin of lignocellulosic biomass profoundly influences the structure 

and composition of its native lignin. The relative proportions of the H, G, and S monomer units, 

as well as the prevalence of different inter-unit linkages, vary significantly among major plant 

groups, primarily softwoods (gymnosperms), hardwoods (angiosperms), and grasses 

(herbaceous angiosperms) (KATAHIRA; ELDER; BECKHAM, 2018; RALPH; LAPIERRE; 

BOERJAN, 2019).

Lignin from softwood species (e.g., pine, spruce, fir) is characterized by its 

overwhelming predominance of guaiacyl (G) units, typically constituting over 95% of the 

monomers. It contains only minor amounts of p-hydroxyphenyl (H) units and is virtually devoid 

of syringyl (S) units. Due to the high G-unit content and the availability of the C5 position on 

the guaiacyl ring for coupling, softwood lignin features a significantly higher proportion of 

resistant carbon-carbon linkages, such as ³-5 (phenylcoumaran) and 5-5' (biphenyl), compared 

to hardwood lignin. This results in a more branched and highly condensed three-dimensional 

structure. The ³-O-4 aryl ether linkage, while still present, constitutes a lower proportion 

(approximately 50%) compared to hardwood lignin (DEMUNER, I. F., COLODETTE, J. L., 

DEMUNER, A. J., & JARDIM, 2019; LI, Wenqi e ZHANG e e colab., 2018). 

Hardwood species (e.g., birch, poplar, oak, eucalyptus) typically possess lignin 

composed of both guaiacyl (G) and syringyl (S) units, with S units often being more abundant 

than G units (S/G ratio > 1 in many cases). The presence of methoxy groups at both C3 and C5 

positions in S units sterically hinders coupling at the C5 position. Consequently, hardwood 

lignin exhibits a lower frequency of C-C linkages (³-5, 5-5') and is dominated by the ³-O-4 aryl 

ether linkage, which can account for 60% or more of the inter-unit bonds. This leads to a more 

linear and less condensed polymer structure compared to softwood lignin. Some hardwood 

lignins may also incorporate minor amounts of ester-linked p-hydroxybenzoate units. The S/G 

ratio itself can vary significantly even among different hardwood species (DEMUNER, I. F., 

COLODETTE, J. L., DEMUNER, A. J., & JARDIM, 2019; LI, Wenqi e ZHANG e e colab., 

2018)..  



Lignin found in grasses and other herbaceous plants (e.g., corn stover, wheat straw, 

sugarcane bagasse, bamboo) displays the greatest compositional complexity. It incorporates all 

three primary monolignols, resulting in H, G, and S units within the polymer structure. A 

distinctive feature of grass lignin is the significant incorporation of p-coumaric acid and, to a 

lesser extent, ferulic acid. These hydroxycinnamic acids are typically attached to the lignin 

polymer via ester linkages at the ´-carbon of the side chain, predominantly on S units, although 

they can also form ether linkages or act as bridges between lignin and hemicelluloses (forming 

lignin-carbohydrate complexes, LCCs). Furthermore, grass lignins often incorporate 

flavonoids, particularly tricin, which can act as nucleation sites for lignin polymerization. These 

additional components contribute to a highly branched and complex structure (KATAHIRA; 

ELDER; BECKHAM, 2018; LI et al., 2018b; LIU; LUO; ZHENG, 2018; PERACCHI et al., 

2024). 

These inherent structural variations based on biomass source have significant 

consequences for the physicochemical properties of lignin, including its molecular weight 

distribution, solubility, thermal stability, chemical reactivity, and susceptibility to different 

delignification or depolymerization strategies. For instance, the higher ³-O-4 content in 

hardwood lignin generally makes it more amenable to depolymerization strategies targeting 

these linkages, potentially yielding higher monomer yields compared to softwood lignin. 

Conversely, the condensed nature of softwood lignin might make it more suitable for 

applications requiring high thermal stability or carbon yield. The presence of ester linkages in 

grass lignins introduces additional points of chemical lability (LI et al., 2018a; RALPH; 

LAPIERRE; BOERJAN, 2019; WANG et al., 2023; ZHOU et al., 2016a).

³
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Delignification refers to the process of separating lignin from the other major 

components of lignocellulosic biomass, namely cellulose and hemicellulose (SAADAN et al., 

2024; TANIS et al., 2024; TOFANI et al., 2023). This separation is a critical step in various 

industrial processes, including the production of pulp for paper manufacturing, the liberation of 

carbohydrates for conversion into biofuels (like cellulosic ethanol) and biochemicals, and the 

isolation of lignin itself for potential valorization into value-added products (SAADAN et al., 

2024; TANIS et al., 2024).

The primary challenge in delignification lies in the inherent recalcitrance of the 

lignocellulosic matrix. Lignin forms a complex, amorphous, and highly cross-linked network 

that encrusts and interpenetrates the polysaccharide components. Furthermore, lignin is 

covalently linked to hemicelluloses, forming lignin-carbohydrate complexes (LCCs), which 

further impede the separation of individual biopolymers. Effective delignification requires 

methods capable of cleaving these linkages and breaking down the lignin structure sufficiently 

to allow its solubilization and removal, ideally without causing excessive degradation of the 



desired cellulose fraction or the lignin itself if it is targeted for valorization (GIERER, 1985; 

TANIS et al., 2024; WANG et al., 2023).

Another significant challenge arises from the structural heterogeneity of lignin, 

which varies depending on the biomass source (softwood, hardwood, grass) and even within 

different parts of the same plant. This variability makes it difficult to develop universally 

applicable delignification processes and leads to inconsistencies in the properties of the isolated 

lignin (SAADAN et al., 2024).

Furthermore, economic viability and environmental sustainability are crucial 

considerations. Delignification processes often require significant inputs of energy and 

chemicals, and the recovery and recycling of solvents or catalysts are essential to minimize 

costs and environmental impact (MIKULSKI; KŁOSOWSKI, 2022).

A wide array of delignification strategies has been developed to address these 

challenges, often employed as a pretreatment step prior to further biomass conversion (D’ORSI 

et al., 2023; TANIS et al., 2024). These methods can be broadly categorized based on their 

operating principles:

•

2020; MIKULSKI; KŁOSOWSKI, 2022; SAADAN et al., 2024)

•

(JASIUKAITYTĖ

•

•

•



KŁOSOWSKI, 2022; TANIS et al., 2024)

•

(D’ORSI et al., 2023; 

A critical distinction exists between the lignin present in its native state within the 

plant cell wall and the "technical lignins" obtained after industrial or laboratory isolation 

processes (LI; TAKKELLAPATI, 2018; SAADAN et al., 2024; WANG et al., 2020). Most 

commercially available lignin falls into the latter category. The chemical and thermal conditions 

employed during isolation inevitably alter the lignin's structure through reactions like bond 

cleavage (especially ³-O-4 ethers), condensation (formation of new C-C bonds), fragmentation, 

functional group modification, and, in some cases, incorporation of elements like sulfur  . 

Consequently, technical lignins (e.g., Kraft lignin, lignosulfonates, soda lignin, organosolv 

lignin) possess distinct molecular weights, polydispersity, solubility profiles, and reactivity 

compared to the idealized native lignin structure. This structural modification during isolation 

is a fundamental factor influencing the suitability and performance of technical lignins in high-

value applications, often necessitating further fractionation or chemical modification 

(SAADAN et al., 2024).

Recognizing the limitations imposed by lignin degradation during conventional 

processing, particularly when polysaccharide recovery is the primary goal, has spurred the 

development of "lignin-first" biorefining strategies (KARTHÄUSER et al., 2021; SUN et al., 

2018). These approaches prioritize the selective extraction or depolymerization of lignin under 

conditions designed to preserve its structural integrity and inherent value early in the biomass 

fractionation process, before subjecting the carbohydrate fractions to potentially harsher 

treatments (KARTHÄUSER et al., 2021; SUN et al., 2018; TOFANI et al., 2023). Methods like 

organosolv processing, and potentially IL or DES treatments, are often associated with this 

philosophy (LI; GELLERSTEDT; TOVEN, 2009; LI; TAKKELLAPATI, 2018; LI et al., 

2018a). The underlying driver for lignin-first approaches is the economic imperative of 

integrated biorefineries, which must efficiently valorize all major biomass components4

cellulose, hemicellulose, and lignin4to achieve overall process profitability and sustainability. 

Traditionally, lignin has been significantly undervalued, often combusted merely for process 



heat, representing a loss of potential revenue from this abundant aromatic resource 

(KATAHIRA; ELDER; BECKHAM, 2018). 

Chemical pulping processes, developed primarily for the paper industry, remain the 

largest source of technical lignins globally. These methods utilize harsh chemical conditions to 

dissolve lignin and liberate cellulose fibers.

The Kraft process is the most widely used chemical pulping method worldwide, 

particularly for wood biomass.

•

cleavage of ³ aryl and, more significantly, ³ aryl ether bonds (³

lignin structure. The hydrosulfide ions (HS⁻) from Na

cycle, where the inorganic chemicals (NaOH, Na¢S) are regenerated from the black liquor 

•

3



•

The Sulfite process represents an older generation of chemical pulping technology, 

though it remains significant due to the established market for its lignin byproduct, 

lignosulfonates.



• This process utilizes aqueous solutions containing sulfur dioxide (SO¢) 
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The Soda process is the oldest chemical pulping method and operates under alkaline 

conditions without the use of sulfur compounds.

•

³ ³

•

3



•

Organosolv processing represents a category of delignification methods that utilize 

organic solvents, often in combination with water, to extract lignin from biomass.

•

³

³
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Beyond chemical pulping, other methods employ heat or physical force, often as 

pretreatments to enhance downstream processing rather than as primary lignin isolation 

techniques.

•

condensable gases (e.g., CO, CO¢, H¢, light hydrocarbons) 



•

•



Steam explosion is a widely applied hydrothermal pretreatment method used to 

disrupt the structure of lignocellulosic biomass and improve its accessibility for subsequent 

processing.  

•

³

physical disruption. Acid catalysts (e.g., SO¢, H¢SO¤) can be impregnated into the 



(D’ORSI et al., 2023; JACQUET et al., 2015; LI; 

•

(D’ORSI et al., 2023; JACQUET et 

•



(D’ORSI et al., 2023; JACQUET et al., 2015; LI; GELLERSTEDT; TOVEN, 2009; 

Chemical modification is a versatile toolbox for tailoring lignin's properties. The 

primary targets for these reactions are the abundant hydroxyl groups (both phenolic and 

aliphatic) distributed throughout the lignin macromolecule, although other functionalities like 

carboxyl or carbonyl groups, or even the aromatic ring itself, can be involved The overarching 

goal is typically to enhance lignin's performance in specific applications by improving its 

solubility, processability, compatibility with other materials (especially polymers), thermal 

stability, reactivity for further transformations, or by introducing entirely new functional 

characteristics (KOMISARZ; MAJKA; PIELICHOWSKI, 2023; KUMAR et al., 2020; LI; 

GELLERSTEDT; TOVEN, 2009; LIBRETTI; SANTOS CORREA; MEIER, 2024; MA et al., 

2022; PODSCHUN et al., 2015; RUWOLDT; BLINDHEIM; CHINGA-CARRASCO, 2023; 

SUOTA et al., 2021; TANG et al., 2020).  

Figure 4 illustrates some of the various possibilities of chemical modifications of 

lignin at different reactive sites present in its structure. Some of these modifications are 

discussed later in this text.





Esterification involves the reaction of lignin's hydroxyl groups with various 

acylating agents to form ester linkages. Common reagents include carboxylic acid anhydrides 

(e.g., acetic, propionic, butyric, maleic, succinic, phthalic), acyl chlorides (e.g., oleoyl chloride, 

undecenoyl chloride), carboxylic acids (e.g., lactic acid, fatty acids like oleic acid), and lactones 

(e.g., butyrolactone) (CHEN et al., 2014; KOMISARZ; MAJKA; PIELICHOWSKI, 2023; 

LIBRETTI; SANTOS CORREA; MEIER, 2024; LISÝ et al., 2022; RUWOLDT; 

BLINDHEIM; CHINGA-CARRASCO, 2023; SUOTA et al., 2021).

Reaction conditions vary widely, utilizing temperatures from ambient to over 

120°C, reaction times spanning hours to days, and employing solvents such as pyridine, 

dioxane, or acetone, or sometimes proceeding neat (solvent-free) (KOMISARZ; MAJKA; 

PIELICHOWSKI, 2023; RESENDE et al., 2024; SUOTA et al., 2021). Catalysts like 1-

methylimidazole, 4-dimethylaminopyridine (DMAP), sulfuric acid, or basic catalysts may be 

used to facilitate the reaction (CHEN et al., 2014; KOMISARZ; MAJKA; PIELICHOWSKI, 

2023; RESENDE et al., 2024). Microwave assistance has also been explored to potentially 

enhance reaction rates (SUOTA et al., 2021).

The introduction of ester groups generally increases lignin's hydrophobicity, 

thereby improving its solubility in non-polar organic solvents and enhancing its compatibility 

with hydrophobic polymer matrices like polyethylene (PE), polypropylene (PP), or polylactic 

acid (PLA). This improved compatibility can lead to better dispersion and potentially enhanced 

mechanical properties (e.g., modulus, strength) in lignin-polymer composites. Thermal stability 

can be affected, sometimes increasing due to protection of hydroxyl groups, but sometimes 

decreasing depending on the nature and thermal lability of the introduced ester group (CHEN 

et al., 2014; KOMISARZ; MAJKA; PIELICHOWSKI, 2023; LIBRETTI; SANTOS CORREA; 

MEIER, 2024).  Esterification with cyclic anhydrides (e.g., succinic, maleic) introduces 

pendant carboxylic acid groups, offering sites for further functionalization or crosslinking. 

Esterification with unsaturated reagents (e.g., acrylic acid, methacrylic anhydride, undecenoyl 

chloride) can introduce polymerizable double bonds for creating thermosets or graft copolymers 

(KOMISARZ; MAJKA; PIELICHOWSKI, 2023; LIBRETTI; SANTOS CORREA; MEIER, 

2024) . 



Etherification strategies focus on forming ether linkages (C-O-C) by reacting 

lignin's hydroxyl groups. This category includes several related modifications:

•

•

•

Conditions often involve alkaline catalysts (NaOH, KOH) or sometimes acid 

catalysts, with temperatures ranging from moderate (30-90°C for hydroxymethylation) 

(KOMISARZ; MAJKA; PIELICHOWSKI, 2023) to high (>150°C for oxyalkylation with 

epoxides or cyclic carbonates) (SUOTA et al., 2021). Reactions with cyclic carbonates can 

potentially be performed solvent-free (LIBRETTI; SANTOS CORREA; MEIER, 2024).  

These modifications can significantly alter lignin's properties. Hydroxyalkylation 

and oxyalkylation increase the number of reactive aliphatic hydroxyl groups, effectively 

transforming lignin into a polyol suitable for synthesizing polyurethanes (PU) (KOMISARZ; 

MAJKA; PIELICHOWSKI, 2023; KUMAR et al., 2020; LISÝ et al., 2022). This can also 

improve solubility and compatibility with polar polymers (KOMISARZ; MAJKA; 

PIELICHOWSKI, 2023; LISÝ et al., 2022). Oxyalkylation, in particular, can reduce the 

brittleness of lignin-based materials and improve viscoelastic properties (SUOTA et al., 2021). 

Hydroxymethylation has been shown to improve processability and compatibility, leading to 

enhanced mechanical and thermal properties in composites (KOMISARZ; MAJKA; 

PIELICHOWSKI, 2023).  



Phenolation aims to increase the reactivity of lignin, particularly towards aldehydes 

like formaldehyde, by grafting phenol or related phenolic molecules (e.g., resorcinol) onto the 

lignin structure. This is typically achieved by reacting lignin with excess phenol under acidic 

catalysis (e.g., H¢SO¤) at elevated temperatures (e.g., 90-120°C), where phenol often serves as 

both reactant and solvent (KUMAR et al., 2020; PODSCHUN et al., 2015; SUOTA et al., 2021; 

WESTWOOD; PANOVIC; LANCEFIELD, 2016).  

The primary outcome is an increase in the content of phenolic hydroxyl groups and 

the introduction of new, highly reactive ortho and para positions on the grafted phenol rings. 

This enhanced reactivity makes phenolated lignin a more viable substitute for petroleum-based 

phenol in the synthesis of phenol-formaldehyde (PF) resins, phenolic foams, or 

polybenzoxazines (KUMAR et al., 2020; LISÝ et al., 2022; PODSCHUN et al., 2015; 

RUWOLDT; BLINDHEIM; CHINGA-CARRASCO, 2023; SUOTA et al., 2021). Phenolation 

may also improve thermal stability and adsorption capabilities (PODSCHUN et al., 2015; 

SUOTA et al., 2021). However, the effectiveness of phenolation is highly dependent on the type 

of lignin; organosolv and sulfite lignins often show good results, whereas soda lignins from 

grasses or softwood Kraft lignin may exhibit poor activation potential (PODSCHUN et al., 

2015).

Amination introduces nitrogen-containing functional groups into the lignin 

structure. The most common method is the Mannich reaction, where lignin reacts with 

formaldehyde and a primary or secondary amine (e.g., dimethylamine, ethylenediamine, 

diethylenetriamine) under typically alkaline conditions (pH ~10) and moderate temperatures 

(50-90°C). Other routes include reaction with aminosilanes or reacting epoxidized lignin with 

diamines (KOMISARZ; MAJKA; PIELICHOWSKI, 2023; LIBRETTI; SANTOS CORREA; 

MEIER, 2024; LISÝ et al., 2022; RUWOLDT; BLINDHEIM; CHINGA-CARRASCO, 2023; 

SUOTA et al., 2021). 

Amination can impart hydrophilicity, potentially rendering lignin water-soluble 

(KOMISARZ; MAJKA; PIELICHOWSKI, 2023). The introduced amino groups are reactive 

sites for further functionalization or crosslinking. In acidic media, these groups can become 



protonated, creating cationic polymers useful as flocculants, emulsifiers (e.g., for asphalt), or 

dye/metal ion adsorbents. Aminated lignins have also been reported to enhance thermal 

stability, mechanical properties, aging resistance, and potentially flame retardancy when 

incorporated into polymer composites (KOMISARZ; MAJKA; PIELICHOWSKI, 2023; LISÝ 

et al., 2022).

These modifications introduce sulfur-containing acidic groups, primarily to 

enhance water solubility and dispersancy.

• SO£H) groups, typically onto the ³

• CH¢SO£⁻) groups via reaction with 

Both modifications significantly increase hydrophilicity and impart anionic 

character in aqueous solutions. Sulfonated lignins (lignosulfonates) and sulfomethylated lignins 

are widely used as dispersants (e.g., in concrete, dyes, pesticides), emulsifiers, binders, and 

water-reducing agents (LISÝ et al., 2022; SUOTA et al., 2021).

Several other chemical strategies are employed for specific purposes:

• Uses various oxidizing agents (e.g., O¢, H¢O¢, peracids, catalytic systems) 



• Employs reducing agents (e.g., NaBH¤) or catalytic 

•

•

•

phosphorus oxychloride (POCl£), phosphoric acid, or phosphorus pentoxide (P¢O¥)

•

•



It is important to recognize that many chemical modification strategies involve 

inherent trade-offs. Enhancing one property may negatively impact another. For example, 

modifications that increase hydrophilicity, such as sulfonation or amination, improve water 

solubility and dispersibility but simultaneously reduce compatibility with hydrophobic polymer 

matrices (LISÝ et al., 2022; PRAUCHNER; RODRÍGUEZ-REINOSO, 2012). Conversely, 

modifications that increase hydrophobicity, like esterification or silylation, enhance 

compatibility with non-polar polymers but decrease water solubility (BUONO et al., 2016a). 

The choice of modification strategy is therefore dictated by the target application and the 

desired balance of properties. This principle arises directly from the fundamental changes 

induced in lignin's polarity and hydrogen bonding capacity. Introducing polar functional groups 

enhances interactions with polar media like water, while replacing polar hydroxyl groups with 

less polar moieties favors interactions with non-polar environments (BUONO et al., 2016a; 

CHEN et al., 2014; KOMISARZ; MAJKA; PIELICHOWSKI, 2023; LISÝ et al., 2022; 

SAMENI; KRIGSTIN; SAIN, 2017a).  

Furthermore, the sustainability of lignin modification processes is becoming an 

increasingly critical consideration. While lignin itself is a renewable resource, many 

conventional modification procedures utilize hazardous reagents (e.g., toxic solvents like 

pyridine, corrosive acids, carcinogenic compounds like formaldehyde or epichlorohydrin) or 

require energy-intensive conditions (high temperatures, pressures) (LIBRETTI; SANTOS 

CORREA; MEIER, 2024; MORENA et al., 2022; RESENDE et al., 2024). This can potentially 

offset the environmental benefits of using a bio-based starting material. Consequently, 

significant research efforts are now directed towards developing greener modification 

pathways. This includes exploring the use of less hazardous reagents, employing bio-based 

catalysts or enzymatic methods (e.g., using laccases or peroxidases)  (FABBRI et al., 2023; 

FIGUEIREDO et al., 2018a; GIANNÌ; LANGE; CRESTINI, 2020; MORENA et al., 2022)  , 

utilizing greener solvents like ionic liquids (ILs) or deep eutectic solvents (DES) 

(FIGUEIREDO et al., 2018a; SONG et al., 2024), developing solvent-free reaction conditions, 



and employing energy-efficient techniques like microwave or ultrasound assistance. Evaluating 

the overall environmental impact using metrics like the E-factor (Environmental factor) is also 

gaining (LIBRETTI; SANTOS CORREA; MEIER, 2024)traction. This shift reflects a 

necessary evolution in the field, aiming to ensure that lignin valorization strategies are truly 

sustainable from raw material to final product.  

Among the various chemical modifications applied to lignin, acetylation stands out 

as one of the most extensively studied and frequently employed methods. It involves the 

esterification of lignin's hydroxyl groups specifically with acetyl moieties (-COCH£). This 

section provides a detailed examination of lignin acetylation, covering the underlying rationale, 

common methodologies, characterization techniques, and the impact on key properties relevant 

to material applications.

The primary motivation behind acetylating lignin is to alter its physicochemical 

properties, primarily by modifying its polarity and hydrogen bonding capacity, to make it more 

suitable for specific applications, particularly in polymer blends and composites (BUONO et 

al., 2016a; CHEN et al., 2014; DIMENT et al., 2024; KOMISARZ; MAJKA; 

PIELICHOWSKI, 2023; TREJO-CÁCERES; SÁNCHEZ; MARTÍN-ALFONSO, 2023). Key 

objectives include:

•



•

•

•



•

Therefore, the decision to acetylate lignin often prioritizes improvements in 

processability (solubility, lower Tg) and compatibility with hydrophobic materials over 

preserving its inherent antioxidant capacity. The enhanced interfacial adhesion and dispersion 

achieved through acetylation frequently translate into better mechanical performance 

(especially impact strength and elongation) in polymer composites, which is a critical 

requirement for many structural or packaging applications. While the loss of antioxidant 

activity is a drawback, the gains in compatibility and processability often justify the 

modification for these specific end-uses.  

The acetylation of lignin is typically achieved via esterification using an acetylating 

agent, often in the presence of a catalyst and/or solvent.

• Acetic anhydride (Ac¢O) is by far the most commonly used acetylating agent 

•



•

Temperature: Acetylation has been performed across a broad temperature range, from room 

temperature (often requiring longer reaction times or highly effective catalysts) up to 120-

160°C. Higher temperatures generally accelerate the reaction but may also increase the risk 

of lignin degradation or side reactions (BORRERO-LÓPEZ et al., 2023; DIMENT et al., 

2024).  

Time: Reaction durations reported in the literature vary significantly, from a few hours to 

multiple days (24h, 48h, 72h). Optimizing reaction time is important, as excessively long 

times may not necessarily increase the degree of substitution (DS) and could potentially 



lead to degradation or even cleavage of the formed ester bonds (reverse reaction) under 

certain conditions (CHEN et al., 2014; SAMENI; KRIGSTIN; SAIN, 2017a).  

Assisted Methods: To improve efficiency and potentially reduce reaction times or 

temperatures, energy-assisted methods have been investigated. Microwave irradiation has 

been used to control the DS based on reaction temperature (130-160°C) and improve the 

properties of resulting lignin-based oleogels. Ultrasonication applied as a pretreatment has 

been shown to reduce lignin particle size, thereby increasing the specific surface area and 

enhancing the rate and efficiency of the subsequent acetylation reaction, even preventing 

DS reduction at longer times (AVELINO et al., 2018c; BORRERO-LÓPEZ et al., 2023; DE 

OLIVEIRA et al., 2017).

The prevalence of the acetic anhydride/pyridine method highlights its status as a 

benchmark procedure, but its acknowledged drawbacks concerning efficiency and 

sustainability are evident. This motivates the ongoing exploration of alternative catalysts , 

catalyst-free thermal methods , greener solvent systems or pretreatments like ILs , and energy-

assisted techniques such as microwave or ultrasound. This transition reflects a broader trend in 

chemical synthesis, seeking to balance reaction effectiveness with the principles of green 

chemistry, which is particularly relevant when valorizing a bio-based resource like lignin. 

Confirming the success of acetylation and quantifying its extent (degree of 

substitution, DS) are crucial steps. Various analytical techniques are employed for this purpose.

•
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Determining the extent of acetylation (DS), often defined as the fraction or 

percentage of hydroxyl groups that have been acetylated, is critical for understanding structure-

property relationships

•

•



•

•

 The achieved DS is a function of multiple parameters, including the reaction time, 

temperature, concentration and ratio of reagents (lignin:anhydride:catalyst), the type of catalyst 

used, the specific structure and reactivity of the starting lignin (influenced by source and 

isolation method), and any pretreatments applied (e.g., particle size reduction via 

ultrasonication, swelling or activation via IL treatment). Under optimized conditions, near-

complete acetylation (DS approaching 100% conversion of all hydroxyl groups) can be 

achieved, as confirmed by ³¹P NMR showing disappearance of OH signals. Achieving selective 

acetylation (e.g., acetylating only phenolic OH while leaving aliphatic OH intact, or vice versa) 

is generally difficult using standard acetic anhydride methods, as both types of hydroxyl groups 

tend to react, although potentially at different rates depending on conditions and catalysts 

(BUONO et al., 2016a; DIMENT et al., 2024; SHEN; XIE; WANG, 2017; ZHAO et al., 2017).

Acetylation leads to measurable changes in various lignin properties, influencing 

its behavior both as a standalone material and as a component in formulations.

•



•

•



•

It is plausible, though not always explicitly demonstrated in the reviewed literature, 

that the degree of substitution (DS) achieved during acetylation significantly influences the 

magnitude of these property changes. A higher DS, meaning more hydroxyl groups are 

converted to acetyl groups, would logically lead to greater increases in hydrophobicity, organic 

solvent solubility, and compatibility with non-polar matrices, along with a more pronounced 

decrease in Tg and antioxidant activity. Some studies hint at this correlation; for example, 

controlling DS via microwave temperature influenced the viscoelastic properties of oleogels 

(BORRERO-LÓPEZ et al., 2023) , and achieving "complete" acetylation led to a substantial 

Tg drop (DIMENT et al., 2024). Similarly, using acetylated lignin with "medium" DS was 

found effective for thickening lubricants (TREJO-CÁCERES; SÁNCHEZ; MARTÍN-

ALFONSO, 2023). However, systematic studies directly correlating specific DS values 

(differentiating between phenolic and aliphatic OH conversion) with quantitative changes in 

thermal, mechanical, and solubility properties are still needed for a more predictive 

understanding. This represents an important area for future research to enable fine-tuning of 

lignin properties through controlled acetylation.  
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Lignin is the most abundant natural polyphenol on Earth and holds significant 

potential as a source of building block compounds that can replace petroleum-derived materials 

in various technologies. Its complex structure arises from the random free radical 

polymerization of three monolignols: syringyl (S), guaiacyl (G), and p-hydroxyphenyl (H). 

These monolignols are interconnected through ester, ether, and carbon-carbon bonds, resulting 

in a three-dimensional amorphous polymer. However, the structural complexity of lignin poses 

challenges for its valorization, as its composition can vary widely depending on the biomass 

source and the methods used for extraction and isolation. (FIGUEIREDO et al., 2018).

Key structural features of lignin, such as molecular weight distribution, lignin-

carbohydrate complexes (LCC), condensed units, and ash and sulfur contents, are influenced 

by process parameters including temperature, reaction time, and pH (WANG, PU, et al., 2019). 

Therefore, selecting appropriate applications for lignin requires a thorough investigation of its 

structural characteristics.

Lignin can be sourced from various materials, including both wood and non-wood 

resources. Among these, wood-derived lignin has emerged as a promising alternative to 

petroleum-based compounds due to its abundance and versatility (TRIBOT et al., 2019). 

Eucalyptus species, particularly Eucalyptus urograndis, are widely utilized in the pulp and 

paper industries, making them an attractive source for lignin extraction (PIGHINELLI et al., 

2014a; PIGHINELLI; SCHAFFER; BOATENG, 2018a). Despite its potential, most research 

focuses on the pulping and bleaching aspects of Eucalyptus urograndis to obtain high-quality 

cellulose (DA SILVA MORAIS; SANSÍGOLO; DE OLIVEIRA NETO, 2016; HÄNNINEN et 

al., 2008; MARTINO et al., 2013; NEIVA et al., 2015), leaving a gap in the literature concerning 

its use for lignin extraction (SANTOS et al., 2011; SILVA et al., 2012).

The pulp and paper industry is the main producer of lignin through the Kraft 

process, which is carry out in an aggressive environment, the <white liquor=, composed by 

sodium sulfide under alkaline medium and temperatures ranging from 150 to 180 °C for 1-3 h 

(CRESTINI et al., 2017; GALKIN; SAMEC, 2016; RINALDI et al., 2016a). The lignin 

obtained by this process has specific features, such as high ash, sulfur and condensed units 

contents, which decrease its reactivity and limit its application (GALKIN; SAMEC, 2016). 

Although Kraft lignin (KL) has these drawbacks, it is crucial to explore and understand its 

structure in order to find a suitable application for it, since its production exceeds 70 million 



tons per year, being 95 % of that burned in the boilers to produce steam and energy 

(LAURICHESSE; AVÉROUS, 2014b).

Certain applications require lignin with higher purity standards. An alternative to 

obtain high-quality, sulfur-free lignin is the organosolv process, which utilizes organic solvents 

(such as formic acid, acetic acid, methanol, or ethanol) catalyzed by inorganic acids to dissolve 

lignin during biomass hydrolysis. This method typically requires elevated temperatures (130 3 

205 °C) and extended reaction times (60-120 minutes), leading to high energy consumption 

(AVELINO et al., 2018a; DE LA TORRE et al., 2013b; EL HAGE et al., 2010; GALKIN; 

SAMEC, 2016; PINHEIRO et al., 2017).  Recently, our research group has developed an eco-

friendly technique called microwave-assisted organosolv delignification (MWAOD), which 

operates under mild conditions (110°C and atmospheric pressure) for only 20 minutes, 

producing high-purity lignin with elevated yields and lower molecular weights4essential for 

scalable production and effective valorization. (AVELINO et al., 2018b). 

Another process that can be used to fractionate the biomass is the fast pyrolysis 

(FP), which has been explored to produce fuels and several interesting coproducts for the 

chemical industry. This process can use several types of feedstocks, such as wood fines 

(MATOS et al., 2020a), however the use of Eucalyptus urograndis is particularly interesting 

since its remarkable features, such as bulky density and high calorific power (PIGHINELLI; 

SCHAFFER; BOATENG, 2018b). FP submits the biomass to high temperature (≈500 °C) 

during short residence times (≈2 s) under an inert atmosphere, characterizing it as a high 

severity process (BRIDGWATER, 2012; TORRI et al., 2016).

FP yields a solid (bio-char), liquid (bio-oil) and gaseous phases (syngas) that have 

interesting technological applications (CHENG et al., 2017; PIGHINELLI et al., 2014b; 

PIGHINELLI; SCHAFFER; BOATENG, 2018b). The bio-oil has been used in its crude form 

for different purposes (KOSINSKI LIMA et al., 2018), however, since it is a complex mixture 

of phenolic and carbohydrate-derived compounds, the bio-oil can be fractionated in order to 

maximize the utilization of its fractions (LENG et al., 2017b). The water insoluble fraction is 

known as pyrolytic lignin (PL), which can be transformed on monophenols through a 

depolymerization process or directly used as raw material in chemical industries by different 

technological routes (LENG et al., 2017b).

Given the limited research on lignin extraction from Eucalyptus urograndis wood 

(EUW), this study aims to evaluate the structural characteristics of three technical lignins 

obtained from this species, comparing them to those of their respective protolignin, milled wood 



lignin (MWL). This comparison seeks to establish a structure-property relationship that could 

unveil new opportunities for lignin valorization.

The following chemicals were used as received: glacial acetic acid (Synth), sulfuric 

acid (H2SO4, 98 %, Vetec), toluene (99.5 %), ethanol (99.5 %), 1,4-dioxane (99.8 %), 

dichloroethane (99.0 %), diethyl ether (99.0 %), petroleum ether, deuterated dimethyl sulfoxide 

(DMSO-d6) (99.96 %, Sigma-Aldrich), tetrahydrofuran (THF, HPLC-grade, Sigma-Aldrich), 

deuterated chloroform (99.96 %, Sigma-Aldrich), pyridine (99 %, Neon), chromium (III) 

acetylacetonate (99.99 %, Sigma-Aldrich), cyclohexanol (99 %, Sigma-Aldrich) and 2-chloro-

4,4,5,5 3 tetramethyl-1,3,2 3 dioxaphospholane (TMDP-Cl, 95 %, Sigma-Aldrich). 

Milled wood lignin (MWL) was isolated according to the method described by 

Guerra et al. (2004) and Holtman et al. (2006) with minor modifications (GUERRA et al., 2004; 

HOLTMAN et al., 2006). Kraft lignin (KL) was gently donated by Suzano Papel e Celulose 

S/A (Suzano, Brazil). Pyrolytic lignin (PL) was obtained from the bio-oil of the fast pyrolysis 

of eucalyptus wood fines as described by the methodology developed by our group (MATOS 

et al., 2020b). Organosolv lignin (OL) was obtained through microwave-assisted organosolv 

delignification (MWAOD) process as previously reported by our group (AVELINO et al., 

2018b). The experimental details about the extraction processes are described in the supporting 

information (Appendix A). The lignin yield, for all obtained lignin samples, was calculated 

according Eq. (1):

η= � ��������������
Where η is the lignin yield (%); mLigIsol is the mass of lignin obtained from each  

different extraction process (g); and mLigEUW is the mass of lignin present in EUW (g) as 

previously determined by TAPPI standards.



The purity of lignin samples was evaluated according to TAPPI T222 om-2 method 

with some modifications. The acid-soluble lignin was determined by UV-Vis spectroscopy 

using the first filtrate obtained in the acid-insoluble lignins (Klason lignin) experiments.  The 

sum of acid-insoluble and acid-soluble lignins (total lignin content) was reported as the purity 

of the samples. 

The content of carbon, hydrogen, nitrogen and sulfur (CHNS analysis) of each 

lignin was determined using a Perkin Elmer 2400Series II CHN-S/O analyzer according 

standard procedures. The percentage of oxygen was calculated by subtracting the C, H,N and S 

contents from 100%.

Fourier transform infrared spectroscopy (FTIR) analyses were performed using a 

spectrometer (PerkinElmer, FT-IR/NIR FRONTIER) using an attenuated total reflectance 

(ATR) accessory with ZnSe crystal surface. The analyses were recorded between 4000 and 550 

cm-1 with spectral resolution of 4 cm-1 using the average of 32 scans.
1H-13C heteronuclear single quantum coherence (1H-13C HSQC) experiments were 

performed in a Bruker Avance DPX 300 operating at 300 and 75 MHz for 1H and 13C nuclei, 

respectively. Samples (30 mg) were completely solubilized in 500 µL of DMSO-d6, and the 

peak related to the residual DMSO was used as internal reference (·H/·C 2.50/39.5).
31P NMR experiments were carried out after phosphytilation of lignins, according 

to Granata and Argyropoulos (1995) with slight modifications (GRANATA; 

ARGYROPOULOS, 1995b) for determining the different types of hydroxyl groups present in 

the lignins. The spectra were acquired on a Bruker Avance DPX500 spectrometer operating at 

202.46 MHz for 31P nucleus.

Gel permeation chromatography (GPC) analyses were performed in a liquid 

chromatograph (Shimadzu LC-20AD) at 40 °C using a setup comprising two analytical GPC 

columns in series (Phenogel 5µ 50Å and Phenogel 5µ 103Å, 4.6 mm x 300 mm, Phenomenex) 

and HPLC-grade THF as mobile phase at flow rate of 0.35 mL min-1. The samples were 

monitored by UV-Vis detector (Shimadzu SPD-M20A) at 280 nm. The calibration curve was 

constructed using polystyrene standards with Mw values ranging from 162 to 1.3 x 105 g mol-1.



Thermogravimetric analyses (TGA) were performed using a thermal analyzer 

(Mettler-Toledo, TGA/SDTA 851e), in which 10 mg of sample was heated from 30 to 900 °C 

under nitrogen atmosphere (50 mL min-1) at a heating rate of 10 °C min-1.

Differential scanning calorimetry (DSC) analyses were carried out in a calorimeter 

(Mettler-Toledo, DSC 823e), in which 10 mg of lignin was placed in a closed aluminum crucible 

with a lid centrally punctured. Samples were submitted to an annealing procedure, where they 

were heated from 25 to 90°C, where temperature was kept constant at 90 °C for 10 minutes, 

then cooled from 90 to 0°C, where temperature was kept constant at 0 °C for 3 minutes and 

heated from 0 to 250°C, under a nitrogen atmosphere (50 mL min-1) at a heating rate of 20 °C 

min-1.

The DPPH free radical scavenging assay was performed using a UV-Vis 

spectrophotometer (Cary 60, Agilent Technologies) and an experimental protocol previously 

reported by our group (AVELINO et al., 2019).

 The conditions of temperature, pressure, reaction time, pH and catalyst used to 

promote the fractionation of biomass severely affect the structure of its components, such as 

the lignin. Two important parameters for evaluating the efficiency of the delignification process 

are the lignin yield and purity. Table 2 shows the acid insoluble lignin (Klason lignin), acid 

soluble lignin, purity and yield values, as well as elemental analysis (CHNSO) for MWL, KL, 

PL and OL, respectively.



Table 2 shows that all technical lignins had high purities, although OL presented a 

lower value compared to the others. This abnormal behavior can be attributed to the amount of 

water in the acetosolv solution, since water molecules are responsible for the cleavage of ester 

bonds in LCC. Therefore, their amount in the medium could acted as a limiting factor in the 

separation of lignin from the carbohydrates. This fact combined to the mild conditions 

employed in the MWAOD process can contributed to this unusual purity value. On the other 

hand, KL and PL were obtained from harsh processes which employed high temperatures and 

pressures, favoring the extensive cleavage of ester bonds between lignin and carbohydrates and, 

consequently, yielding high purity lignins.

It is also possible to observe from Table 2 that all technical lignins presented high 
yields, which were considerable higher than that of MWL. This is directly related to the reaction 

parameters of the processes, since the conditions used for MWL extraction are not aggressive 

enough to promote an extensive delignification. However, the other processes are harsh enough 

to cause the deconstruction of the biomass, yielding considerable amounts of lignin per 

extraction. 

It is worth mentioning that PL had the lowest yield value although it was obtained 

from the most aggressive process. The high temperature and pressure used in FP can favor the 

formation of small molecules, such as monophenols which cannot be recovered in the isolation 



step, since they are water-soluble, diminishing the lignin yield. However, despite that significant 

amount of water-insoluble lignin can be recovered by this process, showing its feasibility.

The elemental composition (CHNSO analysis) of four lignin samples was analyzed 

to assess the impact of different extraction methods on lignin structure. While all samples share 

a substantial carbon content (ranging from 56.63% to 65.00%), significant variations were 

observed in oxygen contents, reflecting the distinct chemical modifications imparted by each 

extraction method (Table 2).

The most notable differences lie in the oxygen content. MWL, representing a 

relatively unmodified lignin structure, exhibits the highest oxygen content (35.58%). This is 

consistent with the presence of abundant oxygenated functional groups in native lignin. 

Conversely, PL shows the lowest oxygen content (26.62%), a direct consequence of the 

pyrolysis process, which leads to the significant removal of oxygenated functional groups 

through decarboxylation and dehydration reactions, resulting in a more condensed and 

aromatized structure. The KL sample, extracted under strongly alkaline conditions, displays an 

intermediate oxygen content (29.61%), suggesting that while some oxygenated groups are 

removed during kraft pulping, the degree of modification is less extensive than in pyrolysis. 

The OL sample presents an oxygen content (32.36%) slightly lower than MWL, indicating that 

while the organosolv method is considered milder, some structural modifications still occur, 

leading to a reduction in oxygenated functional groups compared to the native lignin.

All samples exhibited generally low nitrogen content. As expected, KL samples 

showed significantly higher sulfur content (2.92%), a result of sulfur-containing chemicals used 

in the kraft pulping process.

The differences in elemental composition (especially oxygen) among the lignin 

samples clearly demonstrate the substantial impact of different extraction methods. The data 

suggests that while MWL retains a relatively native structure, the kraft, organosolv, and 

pyrolysis methods induce varying degrees of structural modification, affecting the overall 

oxygen content of the final lignin product. 

The main functional groups in the lignins and any modification in its structure 

resulted from the different extractions were monitored by FTIR. The peak assignments were 



conducted based on those made by Faix (1991) (FAIX, 1991). Figure 5 shows that all 

Eucalyptus lignins spectra presented similar spectral patterns with some differences in their 

intensities. The region comprised between 1800 3 550 cm-1 is known as fingerprint, which has 

valuable information about the main characteristic absorption bands of functional groups 

present in the lignin structure. The full FTIR spectra of Eucalyptus lignins are shown in Figure 

S1 (Appendix A)

Among these bands, some of them deserve a special attention, such as those at 1602, 

1514 and 1505 cm-1 related to C=C stretching of the aromatic ring skeleton; 1460 and 1423 

cm-1 related to C-H deformations and aromatic skeletal vibrations coupled with C-H in plane 

deformation, respectively. The presence of these bands in all lignins means that their backbone 

was sustained after the biomass fractionation, despite the severity of the processes.

The absorption bands at 1705, 1269, 1153 and 1121 cm-1 were assigned to C-O 

stretching, which is commonly attributed to carbohydrates linked to lignin as a lignin-



carbohydrate complexes (LCC). These bands can be used as a way to estimate the efficiency of 

the delignification process and the purity of the lignin, since they are an indicative of residual 

carbohydrates in the lignins, which were not cleaved during the extraction (LIU et al., 2017).

Therefore, the existence of absorption bands related to LCC in all lignin spectra 

combined to the Klason lignin and purity values shown in Table 2 suggests that the linkage 
between carbohydrates and lignin is a little recalcitrant, because even when high severity 

processes were used, significant amount of residual carbohydrates were detected by both 

methods.

A remarkable difference can be observed in the intensities and wavenumbers of the 

absorption bands related to C=O stretching for each lignin, which are 1722, 1708, 1703 and 

1730 cm-1 for MWL, KL, PL and OL, respectively. This behavior suggests that depending on 

how harsh the extraction process is, different oxygenated species could be formed. 

In the case of KL and PL that were obtained by high severity processes, the 

oxidative environment could favor the formation of ketones through the oxidation of secondary 

alcohols in the phenylpropanoid chains, which explains the low wavenumbers in relation to that 

of MWL. On the other hand, OL that was extracted under mild conditions, presented the band 

at a higher wavenumber in comparison to the other lignins, specifically in the region related to 

aliphatic esters. This could be explained by the occurrence of a partial acetylation of the OL’s 

aliphatic hydroxyls during the hydrolysis, since it was carried out using acetic acid as solvent. 

The main structural modifications resultant from the use of processes with different 

severity degrees were assessed by the 1H-13C HSQC NMR, in which the changes in the interunit 

linkages (·C/·H 50 3 95 ppm/2.5 3 5.5 ppm) and monolignol composition (·C/·H 100 3 150 

ppm/6.0 3 8.0 ppm) were accompanied and compared to those of MWL, as show in figures 6 

and 7, respectively. These figures also show the main depicted substructures identified in the 

lignins’ spectra.

In addition, the changes in the intensity of the cross-peaks were evaluated by using 

the relative proportion of interunit linkages (RPIL) and monomers (RPM), which were 

calculated by the integration of the cross-peaks in the oxygenated aliphatic and aromatic 

regions, as shown in Tables 2 and 3, respectively. The assignment of the main cross-peaks in 



1H-13C HSQC spectra have made based on previous reports in the literature (LENG et al., 

2017c; PEREIRA et al., 2017; ZHOU et al., 2016c) and they are listed in Table S1.

A’ (%)



Figure 6 and Table 3 show that the most abundant linkage present in native lignin 

(MWL) is the ether bonds, specifically the ³-O-4 ones, substructure A. The most used process 

in industrial scale, Kraft, is commonly carry out under harsh conditions (1 mol L-1 NaOH and 

0.25-0.70 mol L-1 Na2S aqueous solution at 165-175°C during 1-2h), yielded a lignin with high 

³-O-4 and condensed units in comparison with the native lignin (RINALDI et al., 2016a). 

The high content of ³-O-4 bonds in KL could be attributed to the occurrence of 

parallel reactions, such as the cleavage of ³-O-4 bonds in phenylcoumaran (B) structures, since 
it has a bond dissociation energy (BDE) of 50-56 kcal mol-1 against 54-72 kcal mol-1 for ³-O-4 

bonds (RINALDI et al., 2016b). The harsh conditions employed in the Kraft process could favor 

the cleavage of ether bonds in B substructure to the detriment of those in A. Another parallel 

reaction is the release of formaldehyde from the elimination of ´-CH2OH groups, which would 

also justify the increase in the resinol (C) content from MWL to KL, since formaldehyde could 

favor the occurrence of recondensation reactions, inducing the formation of carbon-carbon (C-

C) bonds (RINALDI et al., 2016b).

On the other hand, PL was obtained by a higher severity process that employs high 

temperature under inert atmosphere, and presented low content of A substructures, indicating 

that the major units (ether bonds) in the native lignin were cleaved. In addition, the harsh 

conditions of pyrolysis favored the increase of the amount of condensed units, such as B and 
C, through the formation of C-C bonds (³-5’ and ³-³’, respectively), as a result of the thermal 

degradation of phenylpropanoid chains. The presence of condensed structures can offer 

interesting thermal properties to PL and can play a key role in its performance depending on 

the application.

OL was obtained under mild conditions (atmospheric pressure and short reaction 

time), and presented a significant decrease in the content of A structures. This shows the 

potentiality of microwave-assisted organosolv delignification (MWAOD), since it has the 

lowest severity degree compared with Kraft and pyrolysis processes and it was able to promote 

the cleavage of ³-O-4 in a great extension. In addition, this process also allows the occurrence 

of the partial acetylation of aliphatic hydroxyls during the delignification, mainly in ´-position, 

generating the A’´ substructure. This kind of feature can be very valuable in some applications 

that require a balance of polarity, such as in the compatibilization of lignin with thermoplastics 

(LI; SARKANEN, 2002, 2005) and in the synthesis of lignin micro/nano-particles (GUPTA; 

WASHBURN, 2014; LI; GE; WAN, 2015; NYPELÖ; CARRILLO; ROJAS, 2015; 

OGUNKOYA et al., 2015).



Considering the general classification, Eucalyptus belongs to the class of 

hardwoods, yielding lignins composed mainly by guaiacyl (G) and syringyl (S) units, Figure 7. 



Table 4 shows that MWL has almost the same S and G proportion, while that varies in the 

technical lignins depending on the harshness of the process. 

Therefore, a considerable increase of S and decrease of G occurred in Kraft and 

organosolv processes. In both cases, this fact suggests the occurrence of recondensation 

reactions between G units by the 5 position, forming C-C bonds, such as 5-5’ in biphenyl 

structures, which is a very strong and recalcitrant linkage (BDE: 70-118 kcal mol-1) (HEITNER; 

DIMMEL; SCHMIDT, 2010).  

In addition, the release of formaldehyde from the elimination of ´-CH2OH groups 

can occur in both processes. This would also favor a recondensation reaction in the 5 position 

of G ring forming methylene bridges (BDE: 86-91 kcal mol-1) (CRESTINI et al., 2017; 

RINALDI et al., 2016b), decreasing the C5-H5 correlation of G and increasing the C2,6-H2,6 of 

S ring.

However, among the technical lignins, PL had an interesting and remarkable 

behavior, which was the appearance of a cross-peak related to the C2,6-H2,6 correlation of H 

units. As mentioned before, the hardwood lignins are major composed of G and S units, as 
shown in the MWL, KL and OL spectra. Nevertheless, since the pyrolysis process employs high 

temperatures, some linkages with high BDE values such as C-C could be broken, justifying the 

presence of a cross-peak related to H unit. 

Therefore, according to the MWL spectrum the first possibility would be the 

cleavage of a C-C bond of a condensed structure formed by S and G units, yielding a G and H 

units, Scheme 1(A). On the other hand, another possible cleavage could be the C-C bond of a 

condensed structure formed by two G units, generating two H units, Scheme 1(B). This 
structural feature could be very useful in applications that require a large amount of free ortho 

positions in relation to the phenolic hydroxyls, such as in the synthesis of phenolic resins, since 

the other technical Eucalyptus lignins (KL and OL) have presented high amount of S units, 

which limits its use for such application.



31P NMR analysis provides valuable information about the amount of different 

types of hydroxyls groups present in the lignins’ structure, such as aliphatic, phenolic (5-

substituted-OH, G-OH, H-OH and carboxylic acid-OH), as well as their monolignol 

composition, allowing the elucidation of insights about the influence of the severity of the lignin 

extraction processes on their structures. Figure 8 shows the 31P NMR spectra of Eucalyptus 

lignins, in which the identified substructures are depicted. Table 5 summarizes the 

quantification data of the hydroxyl groups present in the Eucalyptus lignins.



Total OH groups’ content (mmol g



The results obtained from the 31P NMR spectra showed that the monolignol 

composition of Eucalyptus lignins corroborated with those provided by their 1H-13C HSQC 

spectra (Figure 8 and Table 5). It is possible to notice from Table 5 that the increase in the 

severity of the processes generated lignins with higher concentration of phenolic hydroxyls, 

probably due to the more extensive cleavage of ³-O-4 linkages.

Figure 8 and Table 5 also suggest that PL undergone severely structural changes, 

due to its highest values of phenolic and carboxylic acid hydroxyls, as well as the appearance 

of p-hydroxyphenyl units in its structure, indicating the extensive cleavage of C-C bonds 

between S and G units, as shown previously in Scheme 1. Therefore, these differences in the 
hydroxyl groups content offer a wide range of applicability for those lignins, since they 

probably will have different reactivity as well. 

The extent of the cleavage of lignin linkages by using different extraction methods 

was evaluated by GPC. Figure 5 shows the molecular weight distribution curves of MWL, KL, 

PL and OL, respectively, and Table 5 summarizes their number-average (Mn), weight-average 

(Mw) molecular weights and polydispersity index (PDI).



Figure 9 shows that all lignins had different molecular weight distributions, which 

corroborates with their Mw, Mn and PDI values shown in Table 6. The observed behavior can 

be attributed to the severity of the processes, since parameters such as temperature, pressure, 

reaction time and pH severely affect the type of bonds that will undergo cleavage.

Therefore, as expected PL presented the lowest Mw and Mn values, since the FP 

process has the highest severity factor than the others used in this work. Thus, PL was obtained 

under high temperature, which favored the cleavage of several types of bonds in lignin structure, 

including the C-C bonds, yielding low molecular weight fragments. According to the Mw ranges 



in the literature (LENG et al., 2017c; WANG et al., 2014), PL would be form by tetramers or 

pentamers, which represent an important feature for several applications, since low molecular 

weight fragments tend to have high solubility in organic solvents and in another systems, such 

as fuels allowing its use as an additive.

Among the technical lignins, the one that had the highest Mw value was the OL, 

which was an expected result, since it was obtained under mild conditions in comparison to the 

others. However, it is important to consider the occurrence of recondensation and acetylation 

reactions during the organosolv pulping, as showed by FTIR and 1H-13C HSQC spectra of OL 

(Figures 5, 6 and 7), which can contribute to the increase in the Mw. Although high molecular 

weight fragments will have limited solubility in organic solvents and reactivity due to steric 

hindrance, some structural features such as partial acetylation of aliphatic hydroxyls can 

represent a great advantage for some purposes, especially in polymer chemistry.

KL was the technical lignin that presented an intermediary behavior compared to 

PL and OL. The low Mw can be attributed to the high severity of the Kraft process, although 

recondensation reactions can also occur mainly due to the alkaline medium. Despite the low 

Mw of KL, it is worth mentioning some structural features that make it less noble than PL and 

OL, such as the sulfur and ash contents, which depending on the application could be a potential 

issue.

Given the numerous potential applications of lignin in materials that undergo 

thermal treatments during processing, a substantial interest exists in characterizing its thermal 

properties. As demonstrate previously in this work, structural features of lignin are affected by 

the extraction methods, and consequently, it is reasonable to anticipate that these varying 

extraction techniques will impart distinct thermal properties to lignin. Therefore, the thermal 

properties of Eucalyptus lignins were evaluated by thermogravimetric analysis (TGA) and 

differential scanning calorimetry (DSC).

Figures 10(A) and 10(B) shows the TGA and DTG curves of MWL, KL, PL and 

OL, respectively. The values of initial degradation temperature (Tonset), maximum degradation 

temperature (Tmax) and char yield are summarized in Table 7. The literature reports that thermal 

degradation of lignin can be often divided in three main stages (TEJADO et al., 2007; 

WATKINS et al., 2015). The first stage usually occurs between 30 3 120 °C and the weight loss 



is due to the evaporation of water absorbed. The second one usually takes place around 180 3 

350 °C and it is attributed to the degradation of carbohydrates in the LCC. Finally, the third 

stage occurs over a wide range of temperatures above 350 °C and it is attributed to the 

degradation and vaporization of lignin-derived products, including phenolics, alcohols, 

aldehydes and carboxylic acids. As can be seen in DTG curves, MWL, PL and OL exhibit those 

three degradation events quite clearly. In KL, however, the second event seems to be overlaid 

by the third event, and it does not appear so clearly.



Concerning to the thermal stability of the lignins, as can be seen in Table 7, PL 

exhibited the lowest value of Tonset. This behavior can be related to the fact that this sample 

presented the lowest Mw value (section 3.3.5), which facilitates the volatilization of the 

compounds that result in the initial weight loss. In the other lignins, different factors appear to 

affect the thermal stability. 

MWL and OL have greater Mw values than KL but their Tonset values are lower 

than that of KL. This can be attributed to their structure, since MWL and OL are composed of 

a larger number of substructures A (section 3.3.3), which have thermally labile ³-O-4 linkages 

(KIM et al., 2014), resulting in a decrease of thermal stability. On the other hand, the higher 

Tonset value of MWL in relation to OL may be associated to its higher molecular weight 

combined to the fact that it has a larger number of condensed structures (substructures B and 

C), which are linked by C3C linkages, requiring more energy to be cleaved (RINALDI et al., 

2016b).

The overlapping thermal events observed in the DTG curve of KL may result from 

the process's harsh conditions. The high proportion of condensed structures in KL, consequence 

of complex reactions at high temperature and alkalinity, might lead to less well-defined thermal 

degradation stages compared to other lignins. The presence of sulfur-containing compounds in 

KL, a byproduct of the process, could further contribute to this overlap, adding complexity to 

the thermal degradation profile. PL, while also containing many condensed structures, appears 

to exhibit a clearer TGA profile with less event overlap. This could be due to the more 

homogeneous nature of condensed structure formation during pyrolysis, a process involving 

more uniform thermal fragmentation. Therefore, the observed differences in TGA profiles may 

be explained by the distinct mechanisms and resulting structural heterogeneity of condensed 

units in KL. Further research is needed to confirm these hypotheses.

DSC measurements were carried out to determine the glass transition temperature 

(Tg) of lignins, which is reached when the polymeric chains have enough energy to rotate. At 

first, the polymeric chains in lignin vibrate when they receive energy, and the rotation of the 

lignin creates a free volume. Low molecular weight fragments have high speed mobility, 

requiring less energy to rotate the chain (SA’DON; RAHIM; HUSSIN, 2017). In Figure 11, the 

Tg´s of Eucalyptus lignins are indicated by arrows and their values are summarized in Table 7.



As expected, PL presented the lowest value of Tg since it had the lowest Mw value, 

corresponding to shorter polymeric chains, which require less energy to allow their mobility. 

On the other hand, MWL with the highest Mw value needs more energy to rotate the polymeric 

chains and consequently had the higher Tg value. In this sense, OL was expected to have a 

higher Tg value than KL, but this was not observed. This behavior can be probably explained 

by the fact that KL is composed by a larger number of condensed structures (substructure C) 

than OL, which hinder the mobility of polymeric chains and consequently increases its Tg 

value. However, the presence of substructure A’ in OL increased the degree of freedom, since 

the acetyl groups increase the free volume and also decrease the occurrence of hydrogen 

bondings, facilitating the mobility of the chains and decreasing its Tg.

Therefore, the severity of the extraction process will dictate the extent of cleavage 

of bonds and consequently the lignin structure, which includes its main substructures and 

functional groups, as well as its molecular weight distribution. All these parameters combined 

will affect directly the processability of the lignin. This is a very important characteristic for 



several applications, mainly for those in polymer chemistry, since it is related to the range of 

temperature in which the material gains molecular mobility.

Another of the main suitable characteristics of lignin is its capacity to scavenge free 

radicals and, therefore, act as a promising natural antioxidant. Studying the effect of extraction 

methods on the antioxidant activity of lignin is essential for optimizing its use in various 

applications.

The antioxidant activity of lignins is often directly related to the presence of 

phenolic hydroxyl groups, due to their ability to form stable phenoxyl radicals after donation 

of a hydrogen atom (AVELINO, 2024). As observed in section 3.3.4 of this study, the quantity 

of these phenolic groups is affected depending on the extraction method employed to obtain 

Eucalyptus lignins. 
Therefore, in order to assess the effects of the extraction methods on the antioxidant 

activity of Eucalyptus lignins, their ability to neutralize DPPH radicals (DPPH•) was measured. 

The DPPH• scavenging curves are depicted in Figure 13. The results are expressed in terms of 

percent inhibition of the DPPH radical versus the antioxidant concentration. In addition, Table 

8 summarizes the calculated IC50 values for the lignin samples.



(μg mL

value is defined as the antioxidant concentration necessary to decrease the initial DPPH• concentration by 

In general, based on the obtained IC50 values, it was observed that lignins with 

higher quantities of phenolic OH groups (Table 8) exhibited greater capacity to inhibit DPPH 

radicals, in which the PL has presented the highest antioxidant capacity, followed by KL, OL, 

and finally, MWL. The performance of these lignins probably was influenced by several 

structural features, such as phenolic and total hydroxyl concentrations, molecular weight 



distribution (Mn and Mw values), amount of residual carbohydrates, etc (AVELINO, 2024). 

This further underscore the influence of the severity of the extraction processes on lignin 

properties.

Understanding the antioxidant capacity of lignin and its modulation through using 

different extraction techniques contributes to the broader efforts to harness natural and 

sustainable resources for applications in food, pharmaceuticals, and materials science, 

promoting both environmental sustainability and human health.

The present work presented different methods to promote the delignification of 

Eucalyptus urograndis, yielding lignins with remarkable and peculiar structural features. The 

technical lignins were obtained with elevated yields and high purities, which suggest that they 

can be produced in large scale for further valorization. Furthermore, combining different 

analytical techniques a deep structural characterization of those lignins revealed interesting 

features directly linked to the severity of the processes. The use of processes with different 

harshness provided the generation of a variety of lignins in terms of structural features, in which 

the harsher the process the lower the molecular weight and the higher the amount of condensed 

structures linked by C-C bonds. Furthermore, a mild condition process (MWAOD) was capable 

of promoting the delignification of the raw material concomitantly to the partial acetylation of 

the aliphatic hydroxyls, yielding a lignin with unique characteristic for some purposes. 

Therefore, the three processes (Kraft, FP and MWAOD) showed to be feasible to obtain lignin 

in significant amounts for further applications. Since each process yielded a lignin with some 

structural peculiarities, the choice of the most suitable one will depend on its application, always 

respecting the structure 3 performance relationship.
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Lignin is a polyphenol with a complex and amorphous three-dimensional structure, 

found in the cell wall of plants, being the second most abundant biopolymer in the planet, 

constituting between 15-30% of the lignocellulosic biomass. It is also the largest natural and 

renewable source of aromatic compounds, representing a sustainable alternative to 

petrochemicals, which makes the appreciation of lignin attractive from the point of view of the 

sustainable development and has called the attention of several research groups and industries 

(BILAL et al., 2017; XU, FERFOSIAN, 2017).

Currently, around 50-70 million tons of lignin are produced worldwide as a by-

product of the pulp and paper industries, and it is expected that in the future this amount will 

keep rising as a consequence of the production of biofuels and chemicals from renewable 

sources (BAJWA et al., 2019). 



Despite its wide availability and attractive chemical characteristics, lignin is still 

considered a low-value product, with more than 95% of its production being burned in industrial 

furnaces and boilers for energy production (GROSSMAN, VERMERRIS, 2019).

Aiming to valorize this biopolymer and make better use of its potentialities, many 

works have been developed using lignin and its derivatives. With emphasis on its wide 

application in the field of polymer chemistry, lignin has been used as a building block in 

copolymers (ARGYROPOULOS et al., 2014; ARSHANITSA et al., 2016; AVELINO et al., 

2018a; LI et al., 2017; Lou et al., 2018; PAS and TORR, 2017) and as a filler or stabilizer 

(antioxidant) in different types of polymers (AVELINO et al., 2019a; GORDOBIL et al., 2015; 

KUN and PUKÁNSZKY, 2017; OLIVEIRA et al., 2017). In addition, several studies have 

shown that lignin plays an important role in the thermal and mechanical properties of these 

materials (DEHNE et al., 2016; MALDHURE and EKHE, 2017; SEN et al., 2015; Ye et al., 

2018).

The valorization of lignin in new biomaterials, however, often requires, as part of 

the manufacturing process, its solubilization in organic solvents, as well as a good compatibility 

with the polymer matrix in which it is incorporated, which can be challenging due to the a large 

number of hydroxyl groups present in the lignin structure, which are centers of high polarity 

and may hamper their interaction with nonpolar polymers (OLIVEIRA et al., 2017; YE et al., 

2018).

Chemical modifications of lignin, such as alkylation (LI AND SARKANEN, 2002; 

MALDHURE AND EKHE, 2017), silylation (BUONO et al., 2016) and esterification (KOIVU 

et al., 2016; MONTEIL-RIVERA and PAQUET, 2015; OLIVEIRA et al., 2017; SAMENI et 

al., 2017) have been employed as a strategy to overcome these limitations. Among these 

methods, the chemical modification of the hydroxyl groups through esterification, in particular 

through acetylation with acetic anhydride or acetyl chloride, has been used for decades as a way 

of improving lignin solubility in organic media. However, the use of such acylating agents 

presents serious drawbacks (YADAV, JOSHI, 2002). 

Acetic anhydride is an expensive reagent and the atom economy of the reaction is 

poor because acetic acid is produced as co-product, which has to be recovered. Acetyl chloride, 

in turn, is very sensitive to water, demanding special care in its handling and produces HCl as 

the co-product of acetylation reaction, which is corrosive and has to be neutralized. These facts 

make the reactions with acetyl chloride more complicated and with a high cost, which difficult 

the industrial adoption.



In a previous work (AVELINO et al., 2019b), our group demonstrated that during 

acetosolv process a partial acetylation of lignin occurred. Based on this, from a green chemistry 

point of view, the use of acetic acid as acetylating agent represents an interesting alternative, 

since it is cheap, widely available, can be obtained from natural sources and produces water as 

co-product of esterification reaction.

The acetylation methods with acetic anhydride and acetyl chloride are also not 

selective and acetylation occurs in both aliphatic and phenolic hydroxyls, which, in the case of 

lignin, leads to loss of its antioxidant effect, since this activity is attributed to the presence of 

phenolic groups (NOGUEIRA et al., 2019; YE et al., 2018).

Thus, selective chemical modifications of the hydroxyl groups of lignin, modifying 

only the aliphatic hydroxyls and preserving the phenolic ones, are of great interest in the sense 

of improve processability in nonpolar solvents and polymer matrices as also maintaining its 

antioxidant effect, a highly desired property in polymer science. Moreover, the remaining 

phenolic hydroxyl groups are reactive sites that can act in metal adsorption or in further 

copolymerization reactions to synthetize polyesters or polyamides, for example (MONTEIL-

RIVERA and PAQUET, 2015).

In the literature, only few papers describe selective chemical modifications of the 

lignin hydroxyls groups. In their work, Monteil-Rivera and Paquet (MONTEIL-RIVERA and 

PAQUET, 2015) report that through a microwave-assisted, solvent-free and catalyst-free 

process, maleic anhydride is able to react exclusively with the aliphatic hydroxyl groups of a 

Kraft softwood lignin. Ye et al. (YE et al., 2018) describe a selective aminolysis process of an 

acetylated Kraft lignin capable of releasing the phenolic hydroxyls while maintaining the 

acetylated aliphatic hydroxyl groups. Interestingly, in this work, the authors report that partially 

acetylated lignin simultaneously improves the thermo-oxidative stability of propylene and 

maintains its mechanical properties. The results presented in our previously work (AVELINO 

et al., 2019b) demonstrated that the acetylation during acetosolv process occurs only in aliphatic 

hydroxyl groups, which suggests that acetylation promoted by acetic acid can be used as a 

selective acetylation method. 

Based on the above, this work describes a simple, efficient and solvent-free 

microwave-assisted selective acetylation process of the aliphatic hydroxyl groups of a Kraft 

lignin (KL) promoted by acetic acid.

Different catalyst concentrations and reaction times were studied in order to obtain 

an optimal acetylation condition of the aliphatic hydroxyls. Acetylated Kraft lignins (AKLs) 



were structurally characterized by FTIR, 1H-13C HSQC, 31P-NMR spectroscopies and Gel 

permeation chromatography (GPC) in order to confirm the occurrence of acetylation reaction 

as well as provide insights about the selectivity of the acetylation reaction. The solubility of the 

AKL was compared with unmodified KL in a series of organic solvents. Finally, the antioxidant 

activity of the AKL was evaluated by the free radical scavenging activity of 2,2-diphenyl-1-

picrylhydrazyl radicals (DPPH·) and compared with a commercial antioxidant (BHT).

All chemicals were used as received: sulfuric acid (98 %, Synth, Brazil), glacial 

acetic acid (Synth, Brazil), HPLC-grade tetrahydrofuran (Sigma, Brazil), deuterated 

dimethysulfoxide (99.96 %, SigmaAldrich), pyridine (99%, Neon, Brazil), chromium (III) 

acetylacetonate (99.99 %, SigmaAldrich), cyclohexanol (99%, SigmaAldrich), 2-chloro-

4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (Cl-TMDP) (95%, SigmaAldrich). Kraft lignin 

(KL) was gently supplied by Suzano Papel e Celulose.

The acetylation reactions were carried out in a Milestone microwave reactor 

(Sorisole, Italy), StartSYNTH model, operated in open-vessel configuration (2.45 GHz), and 

temperature measured by contactless infrared sensor. The maximum power applied was set to 

500 W. A screening of reaction conditions was performed, in which the catalyst concentration 

and the reaction time were varied. KL (0.5 g) was dissolved in a solution (25 mL) formed by 

glacial acetic acid and H2SO4 (0, 0.5, 1.0 and 2.0 % v/v) at room temperature and magnetic 

stirring. The acetylation was performed at 110 °C during 5, 10 and 20 minutes under magnetic 

stirring and reflux. At the end of the reaction, the reaction mixture was poured in cold water 

(100 mL) and kept under magnetic stirring during 1 hour until lignin precipitation. The 

precipitate was vacuum filtered and washed with distilled water until pH 6.0, yielding the 

acetylated kraft lignins (AKLs).



FTIR analyses were carried out in a Perkin Elmer spectrometer (FT-IR/NIR 

FRONTIER) in the transmission mode by using KBr pellets containing 0.5% wt. lignin (KL 

and AKLs). The spectra were acquired in the range of 4000 and 400 cm-1 (resolution of 4 cm-1) 

using the arithmetic average of 32 scans.

1H-13C HSQC spectra were acquired at room temperature on a Bruker Avance 

DPX300, operating at 300 MHz for 1H nucleus. The sample preparation involved the 

solubilization of KL and AKLs (30 mg) in 0.5 mL of DMSO-d6. The residual solvent peak was 

used as an internal reference (·H/·C 2.50/39.5 ppm). The relative proportion of monolignols 

was calculated according methodology described elsewhere (AVELINO et al., 2018b).

The 31P NMR spectra were acquired on a Bruker Avance DPX500 (operating at 

202.4 MHz for 31P nucleus). The signal related to the hydrolysis products of Cl-TMDP was 

used as an internal reference at 132.2 ppm. 31P NMR experiments were carried out according 

to Granata and Argyropoulos (1995) (GRANATA; ARGYROPOULOS, 1995b) with some 

modifications (NOGUEIRA et al., 2019). 

GPC measurements were performed in a Shimadzu LC-20AD (Kyoto, Japan) using 

a setup formed by two columns in series (Phenogel 5μ 50Å and Phenogel 5μ 103Å, 4.6 mm x 

300 mm, Phenomenex, USA) and HPLC-grade THF as mobile phase (0.35 mL min-1). A UV-

Vis detector (Shimadzu SPD-M20A) at 280nm was used to monitor the samples. Lignin 

samples (1 mg mL-1) were filtered using a 0.22μm PTFE filter and then were injected (20μL) 



into the system. The calibration was performed by using polystyrene standards (PSS) in the Mw 

range of 162 and 1.3 x 105 g mol-1.   

The solubility of KL and AKL in a series of organic solvents was determined as 

described by Sameni et al (2017) (SAMENI; KRIGSTIN; SAIN, 2017b), with minor 

modifications. To 100 mg of a previously oven-dried KL or AKL, a total of 10 mL of organic 

solvent was added, at 23±5 °C. Samples were sonicated for 15 min in a water bath sonicator. 

The insoluble fraction was vacuum filtered on Buchner funnel (paper with 8μm average pore 

diameter). Samples were dried at 100°C during 1h and weighed. The soluble fraction was 

determined by subtracting the insoluble fraction from initial weight. The experiments were 

performed in duplicate.

The DPPH free radical scavenging assay was determined using a Cary 60 

spectrophotometer (Agilent Technologies), as previously reported (AVELINO et al., 2019). 

The FTIR spectra of unmodified KL and acetylated Kraft lignins (AKLs) obtained 

with different concentrations of H2SO4 and different reaction times are show in Figure 13.





Both unmodified LK and AKLs exhibit typical lignin bands at 3030-3681 (O-H 

stretch), 2793-3000 (C-H stretch), 1608, 1510, 1462, 1425 (aromatic skeletal vibrations), 1217 

(C-O stretch) and 1033 (aromatic in plane C-H deformation) cm-1 (MONTEIL-RIVERA; 

PAQUET, 2015). The main evidences of acetylation in AKLs spectra can be observed from the 

appearance of a band centered at 1733 cm-1, attributed to aliphatic C=O stretch in ester groups, 

as well as the band at 1369 cm-1, related to C3H stretching of acetate methyl group. The 

appearance of these bands and the fact that the band attributed to O-H stretch is still apparent 

in spectra suggests that just a partial acetylation of lignin hydroxyl groups occurred in AKLs. 

In addition, it was not observed the appearance of the aromatic C=O stretch band, which is 

generally reported in the literature at wavenumber values greater than 1760 cm-1 (MONTEIL-

RIVERA; PAQUET, 2015; OLIVEIRA et al., 2017; YE et al., 2018), which suggests a selective 

acetylation reaction just in the aliphatic hydroxyl groups. Based on this information, Schema 1 

demonstrates the proposed reaction for partial and selective acetylation of kraft lignin with 

acetic acid:

The esterification process efficiency can be quantified using FTIR by calculation of 

the degree of conversion (³) (OLIVEIRA et al., 2017; SARALEGI et al., 2013). For this, 

absorbances assigned to O-H stretch vibration (AOH) are measured and normalized with 

respect to the band at 1510 cm-1 (Aref), related to aromatic skeletal vibrations of C-C bonds, that 

remains unchanged both in KL and in AKLs, as presented in Equation 2: 

α 3



Based on this equation, the degree of conversion of AKLs was calculated in order 

to determine the reaction condition that promoted the highest acetylation of hydroxyl groups, 

which are shown in Figure 14:

Degree of conversion (³) of AKLs.

As can be seen in Figure 14, the reaction condition that promoted the highest degree 

of conversion was that using 1.0 % v/v H2SO4 as catalyst during 5 minutes (³ = 51.42%). The 

use of the same catalyst concentration combined to a higher reaction time (10’) or the use of a 

higher catalyst concentration (2.0 % v/v) combined to the same reaction time (5’) promoted a 

decrease in ³ values. This trend is extensively discussed in 31P NMR section.



– –

1H313C HSQC spectroscopy can confirm the occurrence of the acetylation reaction 

through the appearance of characteristic signals of acetyl groups. In this sense, the analysis of 

two regions of the 1H 3 13C HSQC spectra of KL and AKL is very important, such as the 

oxygenated aliphatic (·C/·H 50 3 90/ 3.0 3 5.5 ppm) and the aliphatic ones (·C/·H 0 3 50/ 0 3 

3.0 ppm), which are shown in Figures 15 and 16, respectively. The aromatic region of 1H-13C 

HSQC spectra of KL and AKL is presented in Figure S1 (Appendix B), as well as their relative 

proportion of monolignols. The assignment of the most important cross-peaks was made based 

on a previous report (ABDELKAFI et al., 2011; CONSTANT et al., 2016; PEREIRA et al., 

2017) and it is summarized on Table S2 (Appendix B). 

3

Figure 15 clearly shows the appearance of a cross-peak at 64.6/4.21 ppm in the 

AKL spectra, which is related to C 3 H correlation in the ´-positions of A’ substructures. This 

behavior corroborates with the spectral differences between KL and AKL observed by their 

FTIR spectra, in which the absorption bands at 1733 cm-1 is related to C=O stretching of acetyl 

groups and that at 1369 cm-1 is related to C3H stretching of acetate methyl group, being both 

bands absent in the KL spectra.



3

In order to confirm the occurrence of the acetylation reaction of KL, the analysis of 

the aliphatic region of KL and AKL spectra was also carried out (Figure 16). It can be seen that 

AKL has a broad and strong cross-peak ranging from 20.2/1.7 3 2.1 ppm related to acetyl groups 

incorporated to AKL structure, which is not observed in the KL spectra. Therefore, the results 

obtained by FTIR and 1H 3 13C HSQC analyses showed that the chemical modification 

(acetylation) successfully occurred, however they do not provide any insights about the 

selectivity of this reaction, which is a very valuable structural feature for some applications and 

that need to be explored.





Figures 17 and 18 show that all AKL presented a significant decrease in the aliphatic 

hydroxyls concentration in comparison to that of KL, while the phenolic hydroxyls 

concentration almost did not change. This behavior can be attributed to the selective acetylation 

of aliphatic hydroxyls due to their higher nucleophilic character in comparison to the phenolic 

ones. 

In addition, the minor changes observed in the phenolic hydroxyls concentration 

can be explained by the high acidity of the medium, which could favor the occurrence of 

recondensation reactions, as suggested by the increase in the Mw value of AKL, as well as the 

increase in its concentration of 5-condensed-OH in relation to those of KL, suggesting the 

increase in the number of phenolic hydroxyls per mass unit.

It is worth mentioning that the reaction condition that promoted a higher acetylation 

of aliphatic hydroxyls (partial acetylation) was that using 1.0 % v/v H2SO4 as catalyst during 5 

minutes, as can be seen in Figure 14. In addition, the use of the same catalyst concentration 

combined to a higher reaction time (10’) or the use of a higher catalyst concentration (2.0 % 

v/v) combined to the same reaction time (5’) seems to affect the extent of the acetylation 



reaction. Probably, long reaction times and higher catalyst concentrations favor the cleavage of 

ether bonds present in the lignin structure, competing with the acetylation reaction.

Therefore, the use of such optimized condition (AcOH/1.0 % v/v H2SO4/5’) could 

be valuable for obtaining a partial acetylated lignin through an eco-friendlier methodology, in 

comparison with the state of the art, with a balanced polarity. This structural feature can play a key 

role in some applications, such as additives in thermoplastics, generating materials with 

interesting mechanical properties, as previous described by our group (AVELINO et al., 2019).

The effects of the acetylation conditions (catalyst concentration and reaction time) 

on the molecular weight distribution of AKLs and their weight-average and number-average 

molecular weights, Mw and Mn, respectively, were assessed by GPC analysis. The correlation 

between the Mw values AKLs with the reaction time is shown in Figure 19 and their molecular 

weight distribution curves are shown in Figure S2 (appendix B).



Figure 7 shows that there is not possible to establish a relationship between the 

degree of acetylation and the Mw values of AKLs, since the optimized condition found out by 

FTIR and 31P NMR analyses, namely AcOH/1.0 % H2SO4/5’ had an intermediary Mw value, 

but the highest incorporation of acetyl groups into aliphatic hydroxyls. This can be attributed 

to the occurrence of parallel reactions that can compete with acetylation, such as the 

depolymerization/repolymerization of lignin structure by the cleavage of ether bonds, 

specifically the ³-O-4 ones.

Evidence of this behavior is the increase of the catalyst concentration or the reaction 

time increase can cause an increase or a decrease in the Mw values of AKLs, which can be 

attributed to repolymerization and depolymerization reactions, respectively. Therefore, 

corroborating with the results of FTIR and 31P NMR analyses, the long reaction times and high 

catalyst concentrations tend to decrease the extent of the partial acetylation of lignin. 

The solubility of lignin in organic solvents is an important parameter that must be 

taken into account when it is desired to increase its compatibility with polymeric matrices or in 

the development of new materials, since solubilization is an integral part of several 

manufacturing processes. In Figure 20, the solubility of AKL (1% H2SO4, 5’) in several organic 

solvent with different polarities is compared to unmodified KL. 



As can be seen in Figure 20, both KL and AKL had great solubility in THF and 

acetone and the acetylation process did not cause significant changes in AKL solubility. As 

expected, the solubility of partially acetylated lignin decreased in ethanol, since the replacement 

of aliphatic hydroxyls by acetyl groups decreases the number of hydrogen bonds that this lignin 

is able to establish with the solvent, which is directly correlated to its solubility.

On the other hand, an increase in solubility was observed in solvents with 

intermediary polarities. In ethyl acetate the solubility was just moderately increased after partial 

acetylation, but in chlorinated solvents, such as chloroform and dichloromethane, a remarkable 

improvement was observed (97% and 177% of solubility improvement, respectively). This fact 

is interesting from the point of view of lignin valorization in new materials since these solvents 

are capable of solubilizing a wide variety of polymers and, consequently, the incorporation of 

partially acetylated lignin would be facilitated in these polymeric matrices.



One of the main suitable characteristics of lignin is its capacity to scavenge free 

radicals and, therefore, act as a promising natural antioxidant. In order to evaluate the effect of 

partial and selective acetylation of lignin in this property, the ability of AKL to scavenge DPPH 

radicals (DPPH•) was compared to unmodified KL and a commercial antioxidant (BHT). 

The DPPH• scavenging curves are depicted in Figure 21. The results are expressed 
in terms of percent inhibition of the DPPH radical versus the antioxidant concentration. In 

addition, Table 9 summarizes the calculated IC50 values for the lignin samples, as well as for 

BHT.



value is defined as the antioxidant concentration necessary to decrease the initial DPPH• concentration by 

The antioxidant activity of lignins is often directly related to the presence of their 

phenolic hydroxyl groups, due their ability to form stable phenoxyl radicals after donation of a 

hydrogen atom. It was expected that AKL exhibited the higher antioxidant activity than KL, 

since AKL has higher amounts of phenolic hydroxyls (31P-NMR, Figure 17). The inhibition 

curves and the values of IC50, however, showed that KL have a higher antioxidant activity, 

which suggest that others factors can be involved in the radical scavenging mechanism besides 

the phenolic hydroxyls. 

In fact, aliphatic hydroxyl groups can also participate in radical scavenging 

mechanism as hydrogen donators (DIZHBITE et al., 2004; MICHELIN et al., 2018), which can 

explain the fact that AKL has a lower antioxidant activity than KL, since in partially acetylated 

lignin almost all aliphatic hydroxyls are acetylated and cannot act as hydrogen donors to 

neutralize DPPH radicals.

It is worth mentioning that, even with an antioxidant activity lower than unmodified 

KL, the AKL has an elevated antioxidant activity, with an IC50 value almost eight times lower 

than commercial antioxidant BHT, which can be attributed to phenolic hydroxyl groups that are 

preserved during selective acetylation processes.

As discussed in previous works of our group (AVELINO et al., 2019; NOGUEIRA 

et al., 2019), the most efficient antioxidant activity of lignin samples compared to commercial 

antioxidants can be explained due to the greater number of phenolic hydroxyl groups per mass 

unit present in lignin. Moreover, the presence of methoxyl groups (-OCH3) in the S and G units 

of lignin helps to stabilize the phenoxy radicals, favoring the process of DPPH• scavenging. In 



addition, conjugated double bonds in the side chain of lignin can provide additional stabilization 

of the phenoxy radicals through extended delocalization. 

These facts combined with enhanced solubility in organic solvents reinforces the 

potential use of AKL as a natural additive with high antioxidant capacity and better 

compatibility with polymeric matrices.  

Kraft lignin could be partially and selectively acetylated in aliphatic hydroxyl 

groups through a simple, fast and more eco-friendly, in comparison with the state of the art, 

microwave assisted methodology using acetic acid as acetylating agent. A series of experiments 

varying the catalyst concentration and the reaction time demonstrated that an optimal reaction 

condition can be obtained using 1.0 % v/v H2SO4 as catalyst and only 5 minutes of reaction 

time, in which almost all aliphatic hydroxyl groups were acetylated and just minor changes 

were observed in phenolic hydroxyls. The solubility of partially acetylated lignin was improved 

in organic solvents as ethyl acetate, chloroform and dichloromethane, a fact that can be valuable 

in the incorporation of AKL in polymeric matrices. The AKL showed high antioxidant activity, 

with IC50 values almost 8 times lower than commercial antioxidant BHT. Therefore, partially 

and selectively acetylated kraft lignin showed interesting characteristics to the development of 

new bio-based materials. Moreover, these results highlight that esterification of lignin can be 

performed in a much faster way using a greener esterification agent than traditional 

esterification reactions using anhydride and acyl chloride, paving the way to new studies in 

which a series of different carboxylic acids can be tested in the esterification of lignins using 

the conditions described here.
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This thesis addressed crucial challenges in lignin valorization by investigating how 

different extraction methods shape its structure and how sustainable chemical modifications 

can tailor it for future applications. 

In the first research axis (Chapter 3), the impact of Kraft, Fast Pyrolysis (FP), and 

Microwave-Assisted Organosolv Delignification (MWAOD) processes on Eucalyptus 

urograndis lignin was comparatively evaluated. The results, corroborated by a robust set of 

analytical techniques (FTIR, 2D HSQC NMR, ³¹P NMR, GPC, TGA, DSC, DPPH), confirmed 

that the severity of the extraction process (following the order FP > Kraft > MWAOD) 

decisively influences the structural characteristics of the technical lignin. A direct correlation 

was observed between higher severity and lower molecular weight, higher content of condensed 

structures (such as ³-5' and 5-5'), and greater abundance of phenolic hydroxyl groups. These 

structural alterations were directly reflected in the thermal properties (Tg, decomposition 

profile) and antioxidant capacity of the obtained lignins. 

The second axis (Chapter 4) focused on developing a greener and more efficient 

chemical modification method. The feasibility of Kraft lignin acetylation using acetic acid as 

both reagent and solvent under microwave irradiation was successfully demonstrated. This 

method proved not only rapid (significantly reducing reaction time compared to conventional 

methods) but also selective, preferentially modifying phenolic hydroxyl groups over aliphatic 

ones, as quantified by ³¹P NMR. This controlled acetylation resulted in predictable changes in 

the solubility, thermal properties, and antioxidant activity of Kraft lignin. The integration of the 

two studies highlights that a deep understanding of how extraction defines the initial lignin 

structure is fundamental for effectively planning and executing subsequent chemical 

modifications in a targeted manner.

The findings of this thesis hold significant implications for the forest-based industry 

and the development of biorefineries. The ability to correlate extraction methods with specific 

properties allows for a more informed choice of the type of lignin to be produced or utilized for 

a given purpose (e.g., more condensed and phenolic lignins for resins or antioxidants; less 

modified lignins for other functionalizations). The microwave acetylation methodology with 

acetic acid represents a promising alternative for the industry, offering a faster, potentially more 

economical process aligned with green chemistry principles to improve lignin compatibility 

with polymer matrices or adjust its solubility and reactivity. 



Perspectives are opened for exploring the combination of specific extraction 

methods (like MWAOD, which yields high-purity lignin) with subsequent modifications (such 

as selective acetylation) to create lignocellulosic materials with tailored properties.
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•

For the MWL extraction, the wood of Eucalyptus urograndis was ground to pass 

through a 0.50 mm sieve. The milled wood (50 g) was treated with toluene/ethanol 2:1 (v/v) for 

24 h in a Soxhlet apparatus to remove extractives. The extractive-free sample was dried, 

transferred to a porcelain jar and ground in a rotary ball. Before milling, 1000 g of porcelain 

beads and 200 ml of toluene were added. The grinding was carried out for 130 h. The sample 

was then dried to remove toluene and extracted three times with a solution of 1,4-dioxane/water 

(96% v/v) in a shaker at 190 rpm for 24 h in the dark. The 1,4-dioxane/water extracts were 

combined and the solvents were removed under reduced pressure until their volume reached 

100 mL. This solution was added dropwise in deionized water (DI, 200 mL) under stirring and 

then lyophilized. The crude MWL was dissolved in 90% acetic acid (20 mL) and precipitated 

in DI water (400 mL). After centrifugation the solid was dissolved in 1,2-

dichloroethane/ethanol (10 mL, 2:1 v/v) and precipitated in diethyl ether (200 mL). The 

obtained solid was then washed with petroleum ether and air dried at 50 °C for 24 h.

To obtain pyrolytic lignin, the bio-oil was obtained from a rapid pyrolysis plant 

(BIOWARE, Brazil) with a reactor operating in a fluidized bed (500 °C, for 5 s at 100 mmH2O). 

The bio oil (10 g) was added dropwise to the ice water (1 L at 4 °C) under ultra-turrax (Ika, 

Germany) stirring (10,000 rpm), after addition stirring was continued for 10 min. Subsequently, 

the PL was filtered and dried under vacuum at 40 °C until it reached constant weight. 

The MWAOD experiment was was carried out in a Millestone (Sorilose, Italy) 

microwave reactor, model StartSYNTH, operating in an open-vessel configuration at a 

frequency of 2.45 GHz. The temperature was controlled by a contact-less infrared sensor and 

the power applied was set to a maximum of 500 W. MWAOD extraction was performed using 

a procedure established by our group(AVELINO et al., 2018b), as described in the supporting 

information. Then, the feedstock (20 g) was introduced in a round-bottom flask containing an 

aqueous acetic acid solution (90 % v/v) and 2.0 % v/v H2SO4 in a fiber per solution ratio of 

1:10 (g/mL). The extraction was carried out at 110 °C during 20 minutes under magnetic stirring 



and atmospheric pressure. The purification and isolation steps are described in our previous 

work elsewhere(AVELINO et al., 2018b).

•

For determination of Klason lignin values of Eucalyptus lignins, a lignin sample 

(1.0 g) was mixed with 17 mL of H2SO4 (72 % wt.) at room temperature for 24 h. The solution 

was diluted with deionized water to 4 % wt. H2SO4 and refluxed for 4 h. After the end of the 

hydrolysis, the system was cooled for 30 minutes at room temperature. The acid-insoluble 

residue was isolated by vacuum filtration and washed with deionized water until the pH of the 

filtrate was equal to that of the deionized water. After the washings, the residue was dried at 

105 °C for 24 h. The experiment was performed in triplicate. 

For determination of acid-soluble lignin, the filtrate was diluted with 4 % wt. 

H2SO4 with 1:10 (v/v) ratio and the acid-soluble lignin was calculated from the UV absorbance 

at 215 and 280 nm. The experiment was performed in triplicate.

For 31P NMR experiments, lignin (30 mg) was dissolved in 450 µL of a solvent 

mixture (C5H5N:CDCl3, 1.6/1 v/v ratio). To this solution were added 100 µL of chromium (III) 

acetylacetonate solution (5.0 mg mL-1) and 100 µL of cyclohexanol solution (10.85 mg mL-1). 

Finally, 100 µL of 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (Cl-TMDP) was added 

to the mixture, followed to the addition of solvent mixture until the mark of 1 mL. Experiments 

were performed on a Bruker Avance DPX500 spectrometer operating at 202.46 MHz for 31P 

nucleus. Chemical shifts reported are related to the hydrolysis reaction of Cl-TMDP, which 

generates a signal at 132.2 ppm. Quantitative analysis using cyclohexanol as internal standard 

was carried out based on previous reports (Granata and Argyropoulos, 1995; Pu et al., 2011). 

In order to establish a pattern of integration, signals were integrated according to the following 

chemical shifts: internal standard (145.39 – 144.97 ppm), aliphatic-OH (150 – 145.50 ppm), 

C5-substituted-OH (144.5 – 141.2 ppm), guaiacyl-OH (141 – 138.50 ppm), p-hydroxyphenyl-

OH (138.4 – 137.20 ppm) and COOH-OH (136.5 – 133.34 ppm).

For GPC analyses, lignin samples (2.0 mg) were dissolved in 2.0 mL HPLC-grade 

THF and then were filtered using a 0.22 µm PTFE filter. Thus, 20 µL of filtered solution was 

injected into GPC system at a flow rate of 0.35 mL min-1. Standard calibration was performed 

with polystyrene standards PSS (Mw range 172 3 1.3 x 105 g mol-1)
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