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ABSTRACT

The growing concern for environmental sustainability and the need to reduce dependence on
fossil resources have driven the search for more environmentally friendly materials in the
timber industry. In this scenario, adhesives used in bonding wood and its derivatives play a
central role, as they directly influence the performance, durability, and environmental impact
of lignocellulosic panels and products. Traditionally, this industry employs synthetic adhesives
based on petroleum derivatives, which exhibit excellent bonding efficiency and stability over
time. However, the use of these materials is associated with the emission of volatile organic
compounds, especially formaldehyde, in addition to issues related to the toxicity and
environmental footprint of their production. Given these limitations, lignin has aroused
increasing interest as a sustainable alternative for the development of new adhesive systems
or for the modification of conventional formulations. Recent advances have shown that the
conversion of lignin to the nanoscale significantly expands its application possibilities. Lignin
nanoparticles exhibit a high surface area, better dispersion in the adhesive matrix, and
greater availability of functional groups, favoring more efficient chemical and physical
interactions. Incorporated into synthetic adhesives, they can contribute to increased
mechanical strength, improved thermal stability, and greater moisture resistance, as well as
positively influencing the adhesive's curing kinetics. In this context, this chapter aims to
present innovations related to the use of lignin nanoparticles in adhesives for bonding wood
and its derivatives.
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RESUMO

A crescente preocupacao com a sustentabilidade ambiental e a necessidade de reduzir a
dependéncia de recursos fosseis tém impulsionado a busca por materiais mais ecoldgicos
na industria madeireira. Nesse cenario, os adesivos utilizados na colagem de madeira e seus
derivados ocupam papel central, uma vez que influenciam diretamente o desempenho, a
durabilidade e o impacto ambiental dos painéis e produtos lignoceluldsicos.
Tradicionalmente, essa industria emprega adesivos sintéticos a base de derivados do
petréleo, que apresentam excelente eficiéncia de colagem e estabilidade ao longo do tempo.
No entanto, o uso desses materiais esta associado a emissdao de compostos orgéanicos
volateis, especialmente formaldeido, além de questdes relacionadas a toxicidade e a pegada
ambiental de sua produgado. Diante dessas limitagdes, a lignina tem despertado crescente
interesse como alternativa sustentavel para o desenvolvimento de novos sistemas adesivos
ou para a modificagcao de formulagdes convencionais. Avancos recentes tém demonstrado
que a conversao da lignina em escala nanométrica amplia significativamente suas
possibilidades de aplicagdo. As nanoparticulas de lignina apresentam elevada area
superficial, melhor dispersao na matriz adesiva e maior disponibilidade de grupos funcionais,
favorecendo interagbes quimicas e fisicas mais eficientes. Incorporadas aos adesivos
sintéticos podem contribuir para o aumento da resisténcia mecanica, melhoria da
estabilidade térmica e maior resisténcia a umidade, além de influenciar positivamente a
cinética de cura do adesivo. Nesse contexto, este capitulo tem como objetivo apresentar
inovagodes relacionadas ao uso de nanoparticulas de lignina em adesivos para colagem de
madeira e seus derivados.

Palavras-chave: Qualidade de Colagem. Nanotecnologia. Adesao. Madeira.

RESUMEN

La creciente preocupacidon por la sostenibilidad ambiental y la necesidad de reducir la
dependencia de los recursos fésiles han impulsado la busqueda de materiales mas
ecologicos en la industria maderera. En este contexto, los adhesivos utilizados para el
encolado de la madera y sus derivados desempefian un papel central, ya que influyen
directamente en el rendimiento, la durabilidad y el impacto ambiental de los paneles y
productos lignoceluldsicos. Tradicionalmente, esta industria emplea adhesivos sintéticos
derivados del petrdleo, que presentan una excelente eficiencia de encolado y estabilidad a
lo largo del tiempo. No obstante, el uso de estos materiales esta asociado a la emisién de
compuestos organicos volatiles, especialmente formaldehido, ademas de cuestiones
relacionadas con la toxicidad y la huella ambiental de su produccién. Ante estas limitaciones,
la lignina ha despertado un creciente interés como alternativa sostenible para el desarrollo
de nuevos sistemas adhesivos o para la modificacion de formulaciones convencionales.
Avances recientes han demostrado que la conversién de la lignina a escala nanométrica
amplia significativamente sus posibilidades de aplicacion. Las nanoparticulas de lignina
presentan una elevada area superficial, mejor dispersion en la matriz adhesiva y mayor
disponibilidad de grupos funcionales, favoreciendo interacciones quimicas y fisicas mas
eficientes. Al incorporarse a los adhesivos sintéticos, pueden contribuir al aumento de la
resistencia mecanica, a la mejora de la estabilidad térmica, a una mayor resistencia a la
humedad y a una influencia positiva en la cinética de curado del adhesivo. En este contexto,
este capitulo tiene como objetivo presentar innovaciones relacionadas con el uso de
nanoparticulas de lignina en adhesivos para el encolado de la madera y sus derivados.

Palabras clave: Calidad de Encolado. Nanotecnologia. Adhesién. Madera.

Horizons of Insight: Exploring the Frontiers of Multidisciplinary Science
INNOVATIONS IN ADHESIVES WITH LIGNIN NANOPARTICLES FOR BONDING IN THE WOOD INDUSTRY: A
LITERATURE REVIEW



\4

1 INTRODUCTION

The wood industry is considered one of the most important and promising sectors on

a global scale due to the wide use of wood and its derivatives in different segments, such as
civil construction, furniture industry, packaging and panels. Iwakiry & Trianosky (2020)
conceptualize wood panels as products composed of wood elements such as veneers,
battens, particles and fibers, obtained from the reduction of solid wood and reconstituted
through adhesive bonding.

As in the production of panels, the manufacture of elements for civil construction, the
furniture industry and the packaging sector also depend on the use of adhesives for the union
and adequate performance of materials. The increasing demand for sustainable and high-
performance materials has driven the development of new technologies in the wood industry,
especially in the field of adhesives.

Traditionally, formaldehyde-based synthetics, such as phenol-formaldehyde and
urea-formaldehyde, have been widely employed due to their good mechanical performance
and stability. However, these products have environmental and health limitations, mainly
related to the emission of volatile organic compounds (VOCs) and the non-renewable origin
of their components (Furtini et al., 2022). In this context, the search for more ecological and
efficient alternatives has led researchers to explore the use of lignin nanoparticles as
innovative additives in adhesive formulations.

Lignin nanoparticles, obtained by reducing lignin to the nanometric scale (less than
100 nm), have greater surface area and reactivity, favoring more efficient interactions in
composites and expanding their potential as a sustainable and functional material (Zhang et
al., 2021) and represents a promising strategy for innovation and sustainability in the forestry
sector.

Thus, this chapter initially addresses the main synthetic adhesives used in the
bonding of wood and derivatives. Then, the innovations associated with the incorporation of
lignin nanoparticles are presented, highlighting some works already carried out that have
shown good performance and potential for the development of more sustainable and

technologically advanced products for the wood industry.

2 DEVELOPMENT
2.1 SYNTHETIC ADHESIVES

Adhesives are one of the main constituents in the production of panels, due to the
physical and mechanical properties they provide, being able to grant different performances
by varying the chemical composition and concentration in the particle mixture (Barbirato et
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al., 2018; Mantanis et al., 2018). These products are used in a large number of structural and

7 non-structural applications, in production lines ranging from panels for indoor use to 8

panels for outdoor use, furniture and support structures in different typologies of 9 buildings

(Youngquist, 1999).

Adhesives have a very important function in the wood-based panel industry.

Formaldehyde-based synthetic adhesives, such as urea-formaldehyde (Figure 1), phenol-

formaldehyde (Figure 2), and melamine-formaldehyde (Figure 3), are generally used for

wood panel production (Faris et al., 2016), such as plywood, medium-density fiberboard, and

particle board. These resins have been applied in the panel industry due to their excellent

bonding properties, good water resistance (Pizzi et al., 2020).

Figure 1

Urea-formaldehyde resin (trademark: Redemite) and hardener
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Source:https://www.redelease.com.br/produtos/resinas/ureiaformol?srsltid=AfmBOoq0Dv2UPGZahm_SNd8r7

ICqsIDDJullwJWNOYWO6Bhu3KTX4-4a

Figure 2
Phenol formaldehyde

Source: https://pt.made-in-china.com/co_shuanghechemical/product_Best-Price-Phenol-Formaldehyde-Resin-

Liquid-Manufacturers-Used-for-Friction_uoennsrhny.htmi

Horizons of Insight: Exploring the Frontiers of Multidisciplinary Science

INNOVATIONS IN ADHESIVES WITH LIGNIN NANOPARTICLES FOR BONDING IN THE WOOD INDUSTRY: A

LITERATURE REVIEW




Figure 3

Melamine formaldehyde

MELAMINE
RESIN

Source: https://portuguese.alibaba.com/product-detail/ Taiwan-Liquid-Melamine-Resin-Counter-Type-
10000004 159693.html

The first adhesive synthesized was phenol-formaldehyde in 1929, soon after in 1931
urea-formaldehyde. Urea has great applicability in the furniture industry worldwide, and 90%
of wood panels use this resin, due to its low cost compared to others. Phenol has as its main
characteristic the high resistance to moisture, being considered for outdoor use. Its use is
mainly intended for the production of waterproof plywood, fiberboard, structural agglomerate
boards of the "waferboard" and "OSB" types (Iwakiri; Trianoski, 2020).

Melamine resin (melamine-formaldehyde) stands out for its high durability and
versatility, in addition to providing greater rigidity to the panels, good resistance to humidity
and excellent performance against heat and fire. However, its main obstacle is the high cost.
To circumvent this limitation, it is common to add urea to melamine, giving rise to the MUF
(melamine-urea-formaldehyde) adhesive, which maintains good technical properties and
significantly reduces the cost of melamine adhesive (Iwakiri; Trianosky 2005).

For structural purposes, the Brazilian Standard - NBR 7190, Brazilian Association of
Technical Standards - ABNT (2022), determines that the adhesive must be waterproof,
however, the medium in which the glued parts will be used must be taken into account, that
is, temperature and moisture content. The quality of the bond is verified by the glue line, which
serves to predict the performance of the adhesive when subjected to the application of
stresses. This varies from the properties of the adhesive used to the characteristic of the

wood, which will provide a quality product (Mendoza et al., 2017).
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The problems caused by the emission of formaldehyde to the environment and to
man are increasing targets of research, as a result of the harmful effects they can cause.
However, the world has increasingly sought alternative sources to produce adhesives using
renewable raw materials (Carvalho et al., 2014). Formaldehyde is a crosslinking agent used
in the production, fixation, and curing of adhesives (Solt et al., 2019). It is seen as a human
carcinogenic compound, due to its release in the synthesis of adhesives, in application on

wood panels, and release after manufacture (Ferreira et al., 2019).

2.2 LIGNIN

Lignin is an essential structural polymer of vascular plants, responsible for rigidity,
efficient conduction of water and nutrients, and protection against external agents, and is
indispensable for plant growth and survival (Liu etal., 2018). The structure of lignin (Figure 4)
has many functional groups that affect its dissolution, such as hydroxyl (aromatic and
aliphatic), methoxyl, carbonyl, and carboxyl groups (Garcia et al., 2009).

In addition, lignin may contain side chains and structural variations, contributing to its
heterogeneity and diverse chemical properties (Putra et al., 2025). It consists of the oxidative
polymerization of three monolignol precursors: p-coumaryl alcohol, coniferyl alcohol, and
synapyl alcohol, which originate the three primary lignin units: p-hydroxyphenyl (H), guaiacil
(G), and syringyl (S) (Del Rio et al., 2020).

Figure 4
Macromolecular structure of lignin. (The main monolignolic units are colored red for synapyl!

alcohol, blue for guaiacyl alcohol, and green for p-coumaryl alcohol)

Source: Karunarathna & Smith (2020).
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Despite decades of research, lignin is still little used in biorefineries, being mostly
burned for energy generation, instead of being converted into products with higher added
value. However, in the last decade, there has been a strong resurgence of interest in its
valorization, driven by advances in the understanding of its chemistry, structure, and plasticity,
as well as the development of new catalytic and biological routes capable of transforming this
abundant biopolymer into materials and compounds of greater value (Katahira et al., 2018).

The controlled extraction of lignin enables its use in high value-added products, such
as polymers, fuels, and adhesives, promoting innovation, sustainability, and new market
opportunities (Sethupathy et al., 2022; Putra et al., 2025). The valorization of lignin is a key
component of the circular bioeconomy, The valorization of lignin is fundamental for the
circular bioeconomy, as it reduces environmental impacts, optimizes the use of resources,

and enables sustainable alternatives to fossil-based products (Shorey et al., 2024).

2.3 ADHESIVES REINFORCED WITH LIGNIN NANOPARTICLES

Bio-based resins, such as lignin, are valued for their phenolic structure, which allows
them to partially or fully replace phenol in phenol-formaldehyde (PF) adhesives (Zhang et al.,
2013). In this context, nanotechnology expands the potential of lignin by enabling its
application in the form of nanoparticles, promoting improvements in adhesive performance.

The nanotechnological field involves the creation and application of nanometer-scale
systems, between atoms and submicron structures, as well as their incorporation into larger
systems. At this scale, the materials have physical, chemical, and biological properties that
are different from those observed in larger dimensions, which enables new applications and
better performance (Nasrollahzadeh et al., 2019). One of the main advantages of particles at
nanometer scales is that they have a larger surface area when dispersed uniformly in a layer
(Clausen et al., 2010). Nanoparticles with dimensions below 100 nm enable the unique
combination of mechanical and physical properties. These ultrafine particles receive the
value due to their unique nature, high surface energy, large specific surface area, and
interfacial area with polymer matrix (Ahmadi, 2019).

Examples of uses of these nanomaterials in innovation and technology are
nanofibers, for which studies are being carried out on lignin. The production of lignin
nanoparticles is an efficient strategy to improve their adhesive properties because reducing
the size of the particles significantly increases the surface area. This larger contact area
favors interaction with other materials, resulting in better adhesion. In addition, on a
nanometric scale, lignin now has properties superior to those of the original material,

expanding its application potential (Antov et al., 2022).
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The main benefit of obtaining nanoparticles from lignin is a noticeable increase in
surface area and, consequently, greater dispersion in water. This is because lignin is naturally
unable to dissolve in water under normal conditions due to interactions between molecules
that favor clumping and consequently do not dissolve (Lu et al., 2012). Another benefit is the
lower mass requirement for application in materials, which favors the lower use of reagents
and also accelerates the production of new materials from renewable sources (Gracga et al.,
2012).

Nanolignins, when used in the preparation of polymeric composites, presented
interesting characteristics such as improved thermal stability, increased absorption of
ultraviolet radiation and increased antioxidant capacity compared to pure polymeric matrices,
which makes these properties have a direct relationship with the increase in the area/volume
ratio of the particles and consequently the increase of their functional groups (Kai et al.,
2016).

Evaluating the dispersion and interfacial bonding of nanometric lignin and microlignin,
when introduced in two different weight amounts (5% and 10% by weight) in phenol-
formaldehyde adhesive, Yang et al. (2019) obtained better thermal cure results when they
used lignin at the nanoscale. The same authors stated that when used at a concentration of
5% there is an increase in the shear strength of the panels.

Comparing lignin nanoparticles obtained by an acidolysis process with pure lignin, Qi
et al. (2020) produced polyurethane (PU) nanocomposites. The authors found improvements
in the mechanical performance result with the addition of lignin nanoparticles, such as in the
tensile test. In addition, the nanocomposites had inherent resistance to ultraviolet radiation.

Zhao et al. (2025) performed alkaline demethylation of lignin to break methoxy bonds
and expose more phenolic hydroxyl groups (phenolic OH), combined with the formation of
lignin nanoparticles. These nanoparticles increase the phenolic OH content by 86%, from
1.86 mmol/g (pure lignin) to 3.47 mmol/g. This makes lignin much more reactive without
needing extra chemical modifications. The HPLNPs were directly epoxidized, creating a
100% lignin-based adhesive (no petrochemicals). The results showed good initial shear
strength: 2.45 + 0.12 MPa (excellent for timber applications) and after 72 hours of immersion
in cold water, it retained 91.3% of the force (2.24 + 0.15 MPa), proving good resistance to
hydrolysis.

Chen et al. (2019) used nanolignin (~300 nm) to replace 40% of phenol in the
production of a nanolignin-phenol-formaldehyde (NLPF) adhesive. The resulting resin
showed high dry bonding strength (1.30 MPa), higher than that required by a Chinese
standard, in addition to low formaldehyde emission, meeting the EO standard. The thermal
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analyses indicated an increase in thermal stability and a reduction in the curing temperature

compared to the conventional resin, demonstrating the potential of nanolignin in the
formulation of more efficient and sustainable phenolic resins.

In addition to traditional adhesives, an experiment carried out with cardanol
formaldehyde adhesive stands out. Magalhdes et al. (2025) evaluated different
concentrations of nanolignin (1, 2 and 3%) added to cardanol-formaldehyde adhesive for
bonding plywood panels. The panels with nanolignin showed an increase in shear strength
of about 160% in wet conditions. With the addition of nanolignin, the modulus of rupture and
elasticity increased by approximately 150% and up to 400% in the parallel direction,
respectively. Combustion resistance has also improved significantly. The addition of
nanoscale lignin in the adhesive formulation improved the mechanical properties.

On the other hand
Therefore, these studies reinforce the potential of lignin nanoparticles in sustainable

adhesives. Thus, they pave the way for scalable innovations in the sector.

3 FINAL CONSIDERATIONS

Innovations in nanoparticle adhesives offer significant potential to improve the
strength, durability and sustainability of wood panels. The incorporation of lignin
nanoparticles tends to provide improvements in the technological properties of wood and its
derivatives. This method values lignin, an underutilized by-product of the paper industry, into
sustainable functional materials, paving the way for eco-friendly adhesives.

Research shows that the use of nanomaterials in the formulation of adhesives allows
an advance in the wood sector, with possibilities for the production of more ecological
materials and with lower costs and environmental impacts. It is also important to highlight the
importance of future studies to optimize application methods, combinations of nanoparticles
and the use of technologies that can facilitate production on an industrial scale, always aiming

at greater compatibility with existing processes and greater sustainability in the sector.
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