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Lignin is one of the wood and plant cell wall components that is available in large quantities in nature. Its polyphenolic
chemical structure has been of interest for valorization and industrial application studies. Lignin can be obtained from
wood by various delignification chemical processes, which give it a structure and specific properties that will depend on
the plant species. Due to the versatility and chemical diversity of lignin, the chemical industry has focused on its use as a
viable alternative of renewable raw material for the synthesis of new and sustainable biomaterials.
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| 1. Introduction

Lignin is an amorphous biopolymer with a phenolic macromolecular structure, that can be extracted from wood, annual
plants, and agricultural residues W&, The lignin content varies according to the lignocellulosic source, plant, species,

genetics, and environmental conditions, but in general, its amount is in the range of 20%-30% of the biomass dry weight
[3]

Industrial processes are designed to extract lignin from lignocellulosic materials to convert the other components, such as
cellulose, into accessible and purified fibers for different purposes. The industrial sector that uses these processes with
great economic profit is the pulp and paper, which employing chemical cooking of wood, solubilizes lignin and converts
cellulose into a commodity of high commercial value 4. The production of lignin worldwide reaches 70 million tons per
year, which would make its use feasible for several industrial applications 3.

Most large-scale industrial processes that use plant polysaccharides have burned lignin to generate the energy needed
for the industrial operations B, Only 2% of residual lignin has been used for other higher value-added applications €.
This underutilization motivates the development of engineer lignin-based products of increased commercial value [,
However, valorization of lignin has some difficulties that are mainly attributed to the complexity and recalcitrance of this

biopolymer & and the high heterogeneity, being challenging to predict a stable behavior in advanced material syntheses
161,

Lignin, having a polyphenolic structure, has properties as antioxidant activity, biodegradability, high thermal stability,
reactivity, and adhesive properties 19, Therefore, its use as a versatile chemical would give rise to additional economic
benefits for the pulp and paper industry as it can be available in large volumes and at a relatively low cost, compared to
phenolic compounds derived from oil 112 However, the wood type and the pulping processes are responsible for the
final structure of lignin. A lignin structure highly homogenous is favorable to its integration in novel materials !,

Currently, there are several applications aimed to take advantage of the chemical properties of lignin such as bioplastics,
carbon fibers, lignin-based composites as high-performance materials, polymers with adhesive properties for wood
panels, hydrogels, polymer for synthesis of polyurethane foams, and as an additive in mixtures to confer emulsifying or
protective properties RIS Otherwise, there is also an interest of lignin conversion in oligomeric or monomeric
phenolic compounds, using biotechnological or chemical techniques for depolymerization [4I13114],

| 2. Lignin Chemistry and Structure

In the plant cell walls, cellulose microfibrils are organized in defined oriented layers embedded in a hemicellulose and
lignin matrix 8, Within this arrangement in the cell wall, the existence of strong covalent bonds between phenolic
compounds and carbohydrates has been suggested 28 where lignin acts as a cementing agent, providing mechanical
strength, rigidity, and support for the plant growth. Furthermore, it plays a protective role for polysaccharides, hindering
their degradation and acting as a barrier to degradation by bacteria and fungi ELAILE] | jgnin biosynthesis is part of the
phenylpropanoid pathway that also produces secondary metabolites such as tannins, flavonoids, and lignans. The lignin



formation process, its biosynthesis and polymerization have been reviewed in detail by Boerjan et al. 22 and Bonawitz
and Chapple 22, The biosynthesis of lignin occurs in vivo via an enzyme-mediated dehydrogenation polymerization
resulting in a cross-linked amorphous material with ether and carbon-carbon linkage types as described by Upton and
Kasko . Lignin is mainly made up of three phenylpropanoid precursors, known as monolignols: p-coumaryl alcohol,

coniferyl alcohol, and sinapy! alcohol 412 a5 seen in Figure 1. The main difference between these three monomers
is in the number of methoxy groups attached to the phenolic ring. The p-hydroxyphenyl unit (H) has no methoxy group,
the guaiacyl unit (G) has one methoxy group, while the syringyl unit (S) has two methoxy groups &A1 These units are
connected by carbon-carbon (5-5, B-5, B-1 y B-B), and ether (B-O-4, a-O-4, 4-0-5) linkages (22231241 The amount and
composition of intermonomeric linkage units of lignin varies between different plant taxa, cell types, and cell wall layers 23
(28], seftwoods contain mainly G-type lignin, hardwoods contain SG-type lignin, and grasses have HGS-type lignin 2728,
The B-O-4 linkage is the most abundant in native lignin, typically accounts 50% of bonds formed during the biosynthesis
reactions, and is one of the most labile bonds, and is readily cleaved to by most pretreatment or depolymerization
mechanisms B8, Depolymerized lignin fractions are highly reactive under depolymerization reactions, which leads to
condensation or repolymerization of lignin [Z. A representative structure of lignin is show in Eigure 2.
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Figure 1. Main monolignoles found in the lignin structure. (A) p-coumaryl alcohol; (B) coniferyl alcohol; (C) sinapyl

alcohol.
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Figure 2. A representation of lignin structure.

| 3. Industrial Sources of Lignin

Different methods have been applied to isolate lignin from lignocellulosic material for industrial applications L. Due to the
different delignification techniques available and the different plant species used, the lignin recovered from these
processes presents differences in terms of its physical and chemical properties, since the structure, size, and molecular
weight of the resulting lignin fragments are different BI4IISIL7E9] The most used processes for biomass delignification are
kraft, sulfite, and organosolv as seen in Scheme 1. Other less commercial alternatives are pyrolysis, steam explosion,
enzymatic hydrolysis, acidolysis, and alkaline hydrolysis BIZ2IL3IL72S0I31]  These methods are different in several
parameters that influence the extraction yield, lignin functionality, molar mass, and solubility, among other properties
according to the temperature, pH, chemical load, and pressure of the system [EI39],
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Scheme 1. Main lignin extraction processes.

| 4. Lignin Applications

The conversion of lignin to high value-added products plays a key role in the economic viability of a biorefinery. The study
of lignin conversion mechanisms has established the catalytic routes for the generation of products such as aromatic
chemical reagents and biobased materials. Some of these applications are detailed below, emphasizing phenolic
adhesive resins, epoxy resins, polyurethane foams, carbon fibers, hydrogels, and 3D printed biocomposites as shown
in Scheme 2.

Scheme 2. Summary scheme of the main biomaterials synthesis using lignin.

4.1. Lignin-Based Phenolic Resins

Phenol-formaldehyde (PF) resins are the most widely used adhesive in the wood panel industry. These resins gave wood
products excellent adhesive strength, thermal stability, moisture resistance, preventing from delamination or degradation
[32133][34)(35]  pF resins can be synthesized under acidic or basic conditions, each being named as novolac or resol resins,



respectively 38l As phenol is a petrochemical compound, PF resins costs are highly dependent on fluctuations in oil
prices. Under this scenario, the search for the partial or total substitution of phenol by a cheaper compound from
renewable origin has been the interest of several investigations [22[33][34][35][36][37][38]

The use of lignin for the synthesis of adhesives has been one of the most studied applications due to its polyphenolic
structure and large number of available hydroxyl groups that provided reactivity and adhesive properties [24[331[37][38][39][40]
Lignin-based phenolic resins have been studied for application in plywood, medium density fiberboard (MDF), particle
board (PB), and oriented strand board (OSB) 223l However, lignin has been shown to have low reactivity towards
formaldehyde compared to phenol and only can be used to partially replace phenol in adhesive formulations. Cetin and
Ozmen B2 were able to synthesize lignin-phenol-formaldehyde (LPF) resin with 20-30% of organosolv lignin replacing
phenol, obtaining viscosities of 200-250 cP and curing temperature of 150 °C, the desired range for a resol-type resin.
Similar results were obtained by Wang et al. 7 that replaced between 25-75% of phenol by softwood organosolv lignin in
a resol type resin at 150-175 °C curing temperature and thermal stability below 60%. Zhang et al. 23 also prepared LPF
resins substituting from 10% to 70% of phenol for lignin from biorefinery residues and optimal results were achieved when
50% substitution was used.

On the other hand, some investigations indicate the higher percentages of substitution could be reached only after a
chemical modification of lignin, as is hydroxymethylation with glyoxal in an alkaline medium ¥, In addition, demethylation
and phenolation were identified as strategies to increase lignin reactivity towards formaldehyde 21, Kalami et al. B2
showed that a total replacement of phenol by lignin in PF resol type resins is possible using lignin from corn stover
pretreated with dilute acid and extracted with alkali. The dry mechanical resistance and curing temperature of the resins
with total replacement were 3.4 MPa and 203 °C, comparable to 3.6 MPa and 193 °C of the commercial PF resin,
respectively.

Formaldehyde-based wood adhesives such as urea-formaldehyde and phenol-formaldehyde are the resins mostly used in
the production of wood boards, such as plywood and particle boards 2243l However, there are concerns regarding
formaldehyde use since it causes skin irritation and respiratory discomfort. Prolonged exposure may result in spontaneous
abortion, memory injury, nasopharyngeal cancer, and leukemia. High formaldehyde prices also have a negative impact on
the wood board manufacturing costs #243l44] The development of formaldehyde-free adhesives using lignin would be
also of great benefit to the wood-board industry and human health. Liu and Li ¥2 developed a formaldehyde-free
adhesive using demethylated Kraft lignin (DKL) and polyethyleneimine (PEI), where it was proposed that the hydroxyl
groups of DKL can be oxidized to quinones during the curing process generating covalent links with PEI. The synthesized
resins were optimally cured at 120 °C within 5 min and 1:1 ratio of DKL/PEI, resulting in a shear strength value on dry
measurement of 7 MPa versus 6 MPa when compared with a commercial phenol-formaldehyde resin. Furthermore, a
molecular weight between 70,000 to 750,000 g/mol PEIs could have a small effect on the strength and water resistance in
the lap-shear specimens resulting in values within a range of 4.5 and 7 MPa. Recently, Gong et al. 44l reported a high-
performance lignin-based adhesive without formaldehyde using acetonitrile extracting lignin, modified by phenol (PAEL)
and polyvinylpyrrolidone (K30). The optimal conditions for this preparation were using a mole ratio of lignin to phenol 1:2,
mole ratio of PAEL to K30 1:0.4, at 80 °C for 3 h. Mechanical tests of shear and water resistance in plywood (after soaking
for 24 h), where 1.70 and 1.02 MPa, respectively, complying standards for plywood properties. Lately, Younesi-Kordkheili
and Pizzi 48 have described a method to synthesis a resin using urea, lignin, and glyoxal for plywood panels. The resin of
urea-lignin-glyoxal (ULG), a phenolic resin, was improved by adding small epoxy resin quantities (1, 3, and 5% w/w). The
results described in this work show that the plywood bonded with this resin presented a better tensile shear strength than
the control resin without epoxy content. The resin that contained 5% of epoxy resin exhibited the highest panel dry
strength with 1.7 vs. 0.43 MPa observed in the plywood bonded with the control resin. The resin with 5% of epoxy content
presented the highest panel wet strength with 1.29 vs. 0.2 MPa in the plywood bonded with the control resin. The addition
of epoxy in the ULG resin decreased water adsorption from 15% to 6% 461,

4.2. Lignin-Based Epoxy Resins

Epoxy resins are used in different applications as they have excellent properties of hardness and dimensional stability;
therefore, they are used in fiber-reinforced composite materials, adhesives, additive in lubricating oils, polyurethane
foams, surface coatings, among others BeI4748I49]  Epoxy resins are thermoset materials, where epoxy structures are
reactive towards the other chemical forms, mainly hydroxyl groups 28l Epoxy resins are synthesized using bisphenol A
(BPA), a compound obtained from the petrochemical industry and also used to produce polycarbonates and plastics BPA
with a worldwide production of approximately 6.8 million tons BUBLB2GS] The synthesis of this resin is based on the
reaction between bisphenol A (BPA) and epichlorohydrin, giving rise to bisphenol A diglycidyl ether (DGEBA), the main
precursor of epoxy resins 28481541 ynfortunately, according to authors such as Vandenberg et al. B, Aouf et al. B3], and



Huang et al. 21, BPA can be a highly harmful compound for the environment and human health, which has been proven
as carcinogen. When absorbed by the organism, BPA could increase the risk of obesity, diabetes, and cardiac disorders
(53], Therefore, replacing BPA with compounds of natural origin could become a desirable and viable alternative.

El Mansouri et al. 21 carried out chemical epoxidation with epichlorohydrin and modified Kraft lignin by methylolation and
glyoxalation in replacement of BPA. It was shown that using methylolated lignin, higher epoxidation indexes (3.85%) were
achieved than with glyoxylated (3.1%) or unmodified Kraft lignin (2.45%) with 82% epoxidation yield using lignin/NaOH
ratio 1/3, at 70 °C for 3 h of reaction. Jablonskis et al. 25 used softwood Kraft lignin with epichlorohydrin and KOH as
alkaline catalyst in dimethyl sulfoxide solution. Up to 10% of a BPA was replaced by lignin, resulting in a resin with high
thermal stability, with 50% weight degradation at 390 °C, similar value to that obtained with a reference BPA-based epoxy
resin. In addition, an increase in the Young's modulus was observed in epoxidized resins cured with lignin, resulting in a
value of 3.36 GPa using 10% of lignin versus 2.91 GPa with BPA-based epoxy resin.

Aouf et al. 481 proposed a novel chemo-enzymatic mechanism using immobilized enzyme lipase B (Novozyme 435),
hydrogen peroxide, and caprylic acid to carry out the epoxidation of vanillic acid hydroxyl groups in replacement of BPA,
achieving conversion efficiency of 87% after 48 h at 40 °C. This catalytic method demonstrated a good performance in the
epoxidation of the allylic double bonds compared to with the chemical mechanism using the hazardous peracid mCPBA,
where the highest epoxidation value reached was 75% using vanillic acid as raw material. Kraft and organosolv lignins
were also used for chemo-enzymatic epoxidation, where the first step was the allylation of the available hydroxyl groups
of lignin, followed by the enzymatic reaction with immobilized lipase B (Novozyme 435) and a fatty acid to produce
oxiranes rings (epoxy groups) 9. This study reports conversion yields to epoxy groups of 90% and 55% for organosolv
and Kraft lignin, respectively. Regarding the residual enzymatic activity, it was determined that it is mostly reversible when
Kraft lignin is used as starting material, however, the exposure of the enzyme to concentrations of 6 M of hydrogen
peroxide during 12 h reaction would cause the loss of enzymatic activity through denaturation. These studies reinforce the
potential use of low molar mass lignin to produce epoxy resins, where it could even play an important role in the curing
process as hardening agent [12149],

4.3. Lignin-Based Polyurethane Foams

Polyurethane or polyurethane foams are the most versatile type of materials used, with applications as an interior material
for transport media, roof and floor insulation, medical use material, as co-reactive adhesive, use in thermoplastics, as
sealants of flats, among others. These foams are synthesized through the reaction between isocyanate and hydroxyl
groups. It has been proposed that due to its phenolic nature, lignin could provide the necessary hydroxyl groups and
replace polyols conventionally used in the industry of these foams WZEEISEIS7] pan and Saddler B8l replaced the
commercial polyol (Voranol 270) with organosolv lignin from hardwood and Kraft lignin from softwood. Authors carried out
preparations to replace the use of Voranol 270 from 19% to 23% (w/w) with Kraft lignin. It was shown that lignin effectively
generated crosslinking to obtain rigid polyurethane foams, however, the densities obtained were higher than those
obtained with commercial foams. The use of 19% (w/w) of Kraft lignin in the formulations resulted in the desired decrease
in the density of the product (100 kg/m3). The density of the foam increased with the higher proportion of Kraft lignin,
generating the formation of unwanted granules in the foaming process 28,

Various authors have also suggested that lignin should be modified for use in foams, with the aim of improving its
reactivity and solubility in the synthesis media. Li and Ragauskas 22 described a method for chemical modification of pine
Kraft lignin to obtain a liquid polyol by means of oxypropylation with propylene oxide (PO) for synthesis of rigid
polyurethane foam, where a total OH concentration of 6.9 mmol/g lignin was obtained compared to a concentration of
5.62 mmol/g lignin without oxypropylation. The oxypropylation of lignin allowed incorporating a higher lignin content in the
formulation of the foams, even only using the polyols from lignin in reaction with the MDI di-isocyanate polymer. The
mechanical properties of the rigid PU foams obtained using lignin improved considerably in strength index (0.14 MPa) and
compression modulus (3.41 MPa). Ligno-polyurethane materials have been developed by de Oliveira et al. 89, using
mixtures of oxypropylated lignosulfonates and castor oil rich in hydroxyl groups and where it was hypothesized that this
modification would increase its reactivity towards methylene diphenyl isocyanate (MDI). The synthesized
lignopolyurethane product presented high impact resistance and modulus of elasticity compared to composites prepared
with lignosulfonates without oxypropyl B9, In the same way, authors have prepared foams using different molar
proportions of NCO:OH, and different fractions of lignins for the production of polyols from lignin modified by esterification
with chlorinated fatty acid in a solvent-free system WY, |ncreasing the use of lignin in foam preparations has been shown
to increase the tensile strength and deformability of synthesized polyurethanes. This confirms the importance of the
chemical and structural properties of lignin, such as available hydroxyl groups, molar mass, reactivity for the optimization
of the stoichiometry in polyurethane foam preparations [L[6(61]
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4.4. Lignin-Based Carbon Fibers

Carbon fibers (CFs) are one of the most advanced engineering products currently produced. CFs are composite products
that are used in the transportation industry, manufacture of sports equipment, and construction 62, The carbon fibers
exhibit a unique combination of properties, such as lightness, high strength, flexibility, and resistance to fatigue, which
makes them suitable for a wide range of applications.

Polyacrylonitrile (PAN) and regenerated cellulose are the primary precursors of current CFs production. Its manufacture
involves melting or wet spinning, oxidative stabilization, and carbonization under an inert atmosphere, followed by surface
and dimension treatment. Due to its low cost, lignin has a significant interest as a raw material for CFs production [[21[62],
Different authors have been able to synthesize products based mainly on mixtures of Kraft lignin and polyethylene oxide
(PO) through thermal spinning and subsequent carbonization L6263l Kadla et al. 82 manufactured carbon fibers with
PO and Kraft lignin where the tensile strength obtained was 300-450 MPa and the modulus of elasticity 30—60 GPa,
properties that where similar to the conventional carbon fibers. Liu et al. €4 propose the synthesis of the carbon fiber
precursor prepared from lignosulfonate, acrylonitrile, and itaconic acid, called LS-AN-IA terpolymer. The thermal stability
of the precursor fibers could lead to a decrease in the temperature and reaction times of the CFs synthesis process. The
fibers obtained from the precursor LS-AN-IA resulted in good tensile strength (1.74 GPa) and tensile modulus (210 GPa).
Moreover, different proportions of organosolv lignin were tested by Hosseinaei et al. 83! to improve the spinning process,
stabilization, and the properties of the CFs, obtaining thermal stabilization even with the highest proportions of lignin
(50%). However, the glass transition temperatures were decreased using higher proportions than 50% of lignin, starting at
127 °C (50%) until reaching 122 °C (85%). Liu et al. (53] prepared mixtures of carbon fibers containing alkaline lignin and
PAN (1:2 ratio), and carbon nanotubes through electric spinning. The carbonization process was carried out at 1100 °C.
The fibers obtained had a resistance of 1720 MPa and a modulus of elasticity of 230 GPa, characteristics comparable to
those that use PAN (1600 MPa and 223 GPa, respectively). In general, the use of lignin for CFs preparations would have
the advantages of reducing production costs, synthesis times, and negative impacts on the environment. However, there
is a need to obtain high-purity and high-quality lignin to reach high-performance CF results to compete with products
synthesized that using PAN 2],



4.5. Lignin-Based Hydrogels

Polymeric materials as hydrogels have potential application in environmental, biological, and pharmaceutical fields 2264,
Hydrogels are polymeric structures that have the capacity to swell up to a several times their weight without dissolving.
These structural networks have hydrophilic groups to absorb water giving the form of a hydrogel. The most widely
methods used for the synthesis of hydrogels are free radical polymerization, crosslinking covalent, and physical
crosslinking. The polymers mainly used in hydrogels include poly (2-polyhydroxyethyl methacrylate) (PHEMA), polyethyl
methacrylate (PEMA), polyacrylamide (PAAm), polymethacrylic acid (PMA), polyacrylic acid (PAA), polyglucoesiletil
methacrylate (PGEMA), and polyhydroxypropyl methacrylamide (PHPMA) [22129],

The interest in using lignin in hydrogels is mainly based on the biopolymer advantages, as biodegradability, low toxicity,
environmentally friendly, and suitable for enzymatic degradation 22, Some authors have carried out the application of
organosolv lignin in the synthesis of hydrogels, based on the polymerization with N-isopropylacrylamide in the presence
of N,N'-methylenebisacrylamide, as well as the use of Kraft lignin for the incorporation of diazobenzene groups 22,

Lignin-based hydrogels have also been studied for the supply of polyphenolic molecules. Ciolacu et al. €8 proposed
superabsorbent hydrogels based on cellulose/lignin mixtures. The synthesis process consisted of dissolving cellulose in
an alkaline medium and then incorporating lignin, according to the crosslinking process using epichlorohydrin. Through
DSC analysis, the crosslinking was determined between lignin and cellulose using a formulation of 50% of each
component at 80 °C. These synthesized hydrogels would have potential applications in the biomedical area for the supply
of polyphenolic structures (88l Another application of lignin-based hydrogels was developed for agricultural use where
lignin-based alginate hydrogels were studied for the controlled release of the insecticide azadirachtin €Z. The modified
lignin hydrogels had a trapping efficiency of the insecticide of 99.5%. Adding lignin to the hydrogel protects the insecticide
from photodegradation, helping to maintain it active for a higher time 4. In the field of water resources, the work
developed by Mazloom et al. [88] describe a solution method to reduce the impact of water scarcity on agricultural soils,
using a superabsorbent and biodegradable hydrogel based on alkali lignin to retain moisture from irrigation or rain,
releasing water depending on the water demand of the soil and crops. In the results reported by Mazloom et al. €8], it was
shown that maize crop plants were taller, had a higher amount of phosphorus, and a higher biomass when they were
grown in soils with lignin hydrogels, compared to synthetic hydrogels and no hydrogels. Additionally, it was suggested that
the addition of alkaline lignin to the soil of some crops could promote the activity of the roots due to the stimulation of
specific phytohormones in plants, improving growth and elongation of plant stems 68169,

4.6. Lignin-Based Composites and 3D Printing

There has been a growing interest in the incorporation of lignin in thermoplastic materials, that can be used for the
formulation of composites or biocomposites by 3D-printing in combination with other biopolymers such as polylactic acid
(PLA), polyhydroxybutyrate (PHB), acrylonitrile butadiene styrene (ABS), and polyethylene (PE), with the aim to provide
biodegradable properties, antimicrobial capacity, UV radiation stabilizer, and antioxidant activity properties BISIIZAZ[72[73]
Antioxidant materials can contribute to reduce the specific concentration of free radicals and active oxygen species, and
lignin can provide some of these antioxidant activity properties. Dominguez-Robles et al. 4 developed composites made
from PLA and lignin and demonstrated that the manufactured materials presented antioxidant activity achieving a
decrease in the DPPH (2,2-diphenyl-1-pycrylhydrazyl) compound of up to 80% after 5 h of application. Recent research
reported the use of modified or unmodified lignin as reinforcing material in thermoplastic composites. Gordobil et al. 9
used acetylated and non-acetylated Kraft lignin for the elaboration of composites with PLA through extrusion of the
components at 200 °C. The presence of lignin in the composites increased the thermal stability of PLA and its
hydrophobicity measured by contact angle. It was determined that the presence of low lignin contents (<10%) did not
affect the mechanical properties of the composites, rather there was an increase in the elongation index at break using
the two types of lignin 29,

The FDM method (fused deposition modeling) has been widely used for the development of additive manufacturing for 3D
printing 4. Polylactic acid (PLA) is one of the biopolymers used for 3D printing, which is obtained from natural sources,
being biodegradable and biocompatible BIEIZ However, the use of PLA has some disadvantages such as sensitivity to
humidity, low glass transition temperature, low mechanical performance at elongation. Incorporate other biopolymers, like
lignin, into the formulation of filaments for 3D printing emerges as an excellent alternative. Results reported by Tanase-
Opedal et al. [ described a method for obtaining filaments based on PLA and softwood lignin from soda pulping process
in proportions between 20-40%. Authors described a nucleating phenomenon of lignin in the mixture with PLA, which
facilitated the crystallization of PLA in the elaboration of the filaments. In mechanical tests, PLA/lignin biocomposites were
shown to have a similar tensile elastic modulus index (Et = 2695 MPa) vs. biocomposites that only had PLA (Et = 2890
MPa) using a printing at 215 °C. Although the integration of lignin into the biocomposites could reduce the tensile strength



modulus, this mechanical property can be improved optimizing the 3D printing temperatures. In the biocomposites based
on PLA/lignin, an important antioxidant activity was observed, increased by 50% in the composite made with 40% of
lignin. Furthermore, the developed PLA/lignin biocomposites exhibited good extrudability and flowability without lignin
agglomerations [,

Nguyen et al. 22 developed an additive manufacturing system using organosolv and Kraft lignin in different mixtures of
acrylonitrile-butadiene-styrene (ABS) polymer and nylon. These mixtures were used to elaborate materials by 3D printing
using the FDM method, where a proportion of lignin between 40-60% in weight was employed. The resulting composite
with the best performance and with promising properties was obtained in a mixture of nylon 12 and hardwood organosolv
lignin. This composite had high stiffness and tensile strength at room temperature. Vaidya et al. 24 prepared composites
based on polyhydroxybuirate (PHB) softwood lignin as a non-reactive filler without any derivatization or chemical
modification. The biocomposite was developed by extrusion to form filaments for 3D-printing by FDM. Biocomposites with
PHB and 50% lignin presented an increased contact angle to 72.8° vs. 46.4° in the pure PHB biocomposite, improving the
hidrofobicity of the biocomsites. Besides, the incorporation from 20% lignin as filler in the filament could benefit the
printability and reduction of the shrinkage during the filament impression.

Mimini et al. B studied the compatibility of three types of lignins (organosolv, Kraft, and lignosulfonate) in mixtures with
PLA to produce biocomposites by 3D-printing. The results showed that the mixtures between PLA and organosolv lignin
exhibited better flexural resistance than those made with Kraft lignin or lignosulfonate with a maximum of 100 MPa using
5% organosolv lignin, a value almost identical to that obtained only with PLA. In addition, the mixture between
PLA/organosolv lignin had better thermal resistance compared with the other lignins determined by thermogravimetric
analysis (TGA). The high compatibility between organosolv lignin and PLA could be attributed to its low molecular weight
(Mw 1200 g/mol vs. Mw 4000 g/mol in the other lignins) being a suitable compound to be incorporated in extrusion and 3D
printing systems &,
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