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ABSTRACT

Growing environmental concerns associated with petroleum-based synthetic adhesives, including toxicity, non-
renewability, volatile organic compound emissions, and formaldehyde-related health risks, have accelerated the
development of sustainable bio-based adhesive systems. This review summarizes recent advances in adhesives
derived from renewable resources such as lignin, tannins, proteins, polysaccharides, and vegetable oils. Particular
emphasis is placed on adhesion mechanisms, chemical and enzymatic modification, nanotechnology-assisted
reinforcement, and self-bonding approaches that can improve mechanical strength, thermal stability, and water
resistance. Recent progress in green crosslinking strategies and biodegradable adhesive technologies has expanded
the potential application range of bio-based adhesives in wood composites, packaging, construction, furniture,
automotive components, and selected biomedical uses. Life cycle assessment studies indicate that bio-based
adhesives can reduce fossil resource use, toxicity, and greenhouse gas emissions compared with conventional
petrochemical systems; however, these benefits strongly depend on feedstock selection, processing route,
formulation, energy demand, and end-of-life scenario. Despite substantial progress, challenges related to outdoor
durability, water resistance, cost, raw-material variability, and large-scale commercialization remain significant.
Overall, development in green chemistry, material engineering, and biomass valorization suggests that bio-based
adhesives are promising candidates for next-generation bonding technologies, provided that their performance
and sustainability are evaluated for each specific application.

Keywords: Bioadhesives, Biodegradable adhesives, Nanotechnology, Petrochemical adhesives, Wood
composites

INTRODUCTION biomedical applications. This distinction is important
because both fields overlap chemically but differ in
performance requirements, test methods, and
application environments. Adhesives can broadly be
classified into synthetic adhesives and bio-based
adhesives. A simplified classification with examples
according to source and chemistry is shown in Figure
1 (Kinloch, 2012). Synthetic adhesives are commonly
produced from petroleum-derived polymers or
monomers, including phenol-formaldehyde,
resorcinol-formaldehyde, urea-formaldehyde, epoxy,
acrylic, cyanoacrylate, silicone, and polyurethane
systems. These materials are widely used because of
their high mechanical strength, water resistance,
thermal stability, processing reliability, and durability

Adhesives are essential polymeric materials used to
bond similar or dissimilar substrates in industries such
as construction, packaging, electronics, aerospace,
automotive engineering, furniture production, and
insulation systems (Ebnesajjad, 2011). Their ability to
provide strong interfacial adhesion, lightweight
assembly, uniform stress distribution, and enhanced
structural performance has made them indispensable
in modern engineering and industrial applications (Ge
& Chen, 2020). In this review, the term bio-based
adhesive refers primarily to adhesive systems derived
partly or completely from renewable feedstocks,
whereas the term bioadhesive may also refer to
materials designed to adhere to biological tissues in
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(Shadlou et al., 2014; Kaybal et al., 2017; Bhandari et
al.,, 2021). However, extensive dependence on
petrochemical adhesives raises environmental and
health concerns related to volatile organic compounds
(VOCs), formaldehyde emissions, limited
biodegradability, persistent polymer waste, and
depletion of fossil resources (Pizzi, 2016).

Increasing global awareness of sustainability,
environmental protection, and green manufacturing
has accelerated the development of bio-based
adhesives as potential alternatives to conventional
petrochemical systems (Xu et al., 2020). Bio-based
adhesives can be derived from lignin, tannins,
proteins, starch, cellulose, chitosan, vegetable oils,
natural rubber, and agricultural residues. These
feedstocks can offer advantages such as renewability,
low toxicity, biodegradability, and potential carbon-
footprint reduction, but they frequently show

limitations in water resistance, long-term durability,
shelf life, and processing robustness (Calvez et al.,
2024). Recent advances in biopolymer chemistry,
nanocomposite formulation, and hybrid crosslinking
strategies aim to close these performance gaps by
improving mechanical strength, moisture resistance,
thermal stability, and durability (Zhang et al., 2023).
In parallel, binderless wood-based composite panels
(WBCPs) have attracted attention because they rely on
self-bonding mechanisms of lignocellulosic materials
instead of added synthetic binders (Nitu et al., 2020).
The transition from petroleum-based adhesives to bio-
based adhesive technologies, therefore, represents a
promising pathway toward more sustainable industrial
development and a circular bioeconomy, but the
suitability of each formulation must be assessed in
relation to the specific substrate, processing route,
service environment, and end-of-life scenario.

Synthetic adhesives

| _

Bio-based adhesives

| |

Thermoplastic Thermosetting Elastomeric Protein-based Polysaccharide-based Other bio- based
adhesives adhesives adhesives adhesives adhesives adhesives
\ Source:  lignin, ‘ tannin,
Source: petroleum polymers Source: synthetic || Source: soymeal, zein, casein mussel byssus, bio-resins,
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based adhesives, Rosin
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Source: S)./nthetu: res_ms Source: starch, cellulose, dextrin
Examples: epoxy resin, phenol-formaldehyde Examples: starch glue, dextrin —based
adhesives

Figure 1. General classification-of adhesives based on their sources (Kinloch, 2012)

Bioadhesives and bio-based adhesives contribute to a
wide range of sectors, including biomedical
applications, drug delivery, tissue engineering, dental
applications, food packaging, wood bonding, paper
bonding, construction panels, and other industrial
uses. Figure 2 illustrates application fields that include
wound closure, tissue sealing, drug delivery systems,
dental cementation, food-safe packaging, and
industrial bonding.

Bioadhesives have become particularly relevant in
dental, wound-healing, and surgical applications,
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where conventional mechanical fixation methods such
as sutures, staples, and wires may damage tissue. In
these applications, adhesive hydrogels and related
materials can support wound closure and may
additionally  provide  antibacterial or anti-
inflammatory functionality (Zhao et al., 2022). At the
same time, industrial bio-based adhesives are being
developed for wood, paper, packaging, and composite
applications, where performance requirements are
dominated by bond strength, water resistance,
processability, durability, and cost.
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Figure 2. Application of adhesives in multiple domains such as pharmaceuticals, drug delivery, dental, tissue engineering,
implantation, orthodontics, food packaging, and other industrial purposes for construction (Ge & Chen, 2020; Taboada et

al., 2020; Duan et al., 2021)

Fundamentals of adhesion

Adhesion is based on the formation of interactions at
the interface between the adhesive and substrate.
These interactions can include van der Waals forces,
hydrogen bonding, electrostatic attraction, covalent
bonding, mechanical interlocking, and interdiffusion,
depending on the chemistry and morphology of the

materials involved. The efficiency of an adhesive joint
is strongly influenced by surface energy, wetting
behavior, roughness, porosity, viscosity, curing
conditions, and the mechanical properties of both
adhesive and substrate (Messler, 2004; Kinloch,
2012). The main mechanisms relevant to adhesive
bonding are summarized in Figure 3.

Mechanical
interlocking

Electrostatic
bonding

Major mechanism of
adhesion

Chain entanglement

Intermolecular
bonding

Figure 3. Schematic illustration of the adhesion mechanisms involved in adhesive bonding, including mechanical
interlocking, chain entanglement, and electrostatic interactions (K., 2023)
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Mechanical interlocking

Mechanical interlocking is an important adhesion
mechanism for porous and rough substrates such as
wood, paper, textiles, and fiber-based materials.
During application and curing, a liquid adhesive can
penetrate pores, cracks, lumens, and surface
irregularities, thereby forming a physical anchoring
effect that improves bond toughness and mechanical
stability (Messler, 2004). In lignocellulosic substrates,
adhesive penetration into cell lumens and cell walls
can support the formation of a durable bond (Pizzi,
2016). The effectiveness of this mechanism depends
on surface roughness, porosity, adhesive viscosity,
temperature, pressure, and curing time. On very
smooth or non-porous surfaces, mechanical
interlocking is less effective, whereas excessive
roughness can create stress concentrations and reduce
joint performance.

Adhesive Adhesive
/ Mechanical Interlocking
Substrate Substrate

Diffusion theory

Diffusion theory is particularly relevant for polymeric
substrates and thermoplastic adhesive systems (Figure
4). In this mechanism, molecular chains from the
adhesive and substrate interpenetrate across the
interface to form an entangled polymer network, as
illustrated in Figure 4(b). The extent of interdiffusion
depends on temperature, chain mobility, molecular
weight, compatibility, contact time, and curing or
solidification conditions (Messler, 2004). This
mechanism is most effective when the polymers are
chemically compatible and have sufficient segmental
mobility. It is less relevant for rigid, highly
crosslinked, or strongly heterogeneous substrates such
as wood, where adhesion is dominated by wetting,
mechanical interlocking, and chemical or secondary
interactions (Kinloch, 2012).

Adhesive

Interdiffusion

Figure 4. Representation of (a) mechanical adhesion, (b) the mechanism of interdiffusion (Donohue, 2003)

Chemical bonding and intermolecular interaction

Chemical bonding and intermolecular interactions can
substantially  increase  adhesive  performance.
Covalent, ionic, hydrogen-bonding, and dipole
interactions may form between functional groups of
the adhesive and reactive sites on the substrate.
Natural polymers often contain hydroxyl, carboxyl,
amino, phenolic, or thiol groups that can interact with
lignocellulosic substrates through hydrogen bonding
or, after suitable modification, through covalent
crosslinking (Alinejad et al., 2019). These interactions
can contribute to three-dimensional network
formation, thereby improving bond strength, thermal
stability, and water resistance (Pizzi, 2016). However,
effective chemical bonding requires compatible
functional groups, sufficient wetting, appropriate
curing conditions, and stable interfacial chemistry.
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Electrostatic interactions

Electrostatic interactions arise from differences in
surface charge or electronic properties between the
adhesive and substrate. They can contribute to
adhesion through attractive forces at the interface and
the formation of an electrical double layer (Fig. 5b)
(Kinloch, 2012). In most structural adhesive joints,
electrostatic interactions alone are not sufficient to
provide high bond strength, but they may support
adhesion in polymer-metal, polymer-ceramic, or
charged biopolymer systems. Their contribution is
often difficult to quantify experimentally because
several  adhesion  mechanisms  usually  act
simultaneously (Messler, 2004).
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Figure 5. Scheme of (a) Chemical bonding on adhesion (b) Electrostatic double layer (Donohue, 2003)

Surface energy and wetting

Surface energy and wetting are central concepts in
adhesive bonding. Good wetting allows the adhesive
to spread over the substrate and form intimate
molecular contact. Young’s equation (equation 1)
describes the balance of interfacial energies at the
three-phase contact line between solid, liquid, and
vapor. A lower contact angle generally indicates better
wetting and a larger contact area, which can improve
adhesion if the adhesive also has sufficient cohesive
strength (Kinloch, 2012). For polar natural polymers,
functional groups such as hydroxyl, carboxyl, and
amino groups can promote wetting and hydrogen
bonding with lignocellulosic substrates. However,
good wetting alone does not guarantee durable
adhesion; curing, crosslink density, moisture

Surface wetting

sensitivity, and interfacial stability must also be
considered.

ySV = ySL + yLV cos 6 (1)

In Young’s equation, ySV denotes the solid-vapor
surface energy, ySL the solid-liquid interfacial energy,
YLV the liquid-vapor surface tension, and 0 the
contact angle. Lower values of ySL and 0 generally
indicate better wetting of the substrate by the
adhesive. When the contact angle approaches to zero,
the adhesive spreads extensively over the surface, as
shown schematically in Figure 6. In practical adhesive
systems, optimum bonding requires a balance between
wetting, penetration, cohesive strength, curing
behavior, and resistance to water or thermal
degradation.

Adhesive

Wettability,
Adhesiveness

Contact Area

Figure 6. Mechanism of surface wetting showing a contact angle close to zero (Zhang et al., 2021)

Classification of bio-based adhesives

Bio-based adhesives can be classified according to
their main renewable polymer or feedstock
component, including proteins, polysaccharides,
lipids, lignin, tannins, and bio-inspired materials
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(Eisen et al., 2020). This classification is useful
because each feedstock class provides characteristic
functional groups, processing behavior, degradation
pathways, and performance limitations.
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Natural polymer-based adhesives

Natural polymer-based adhesives are derived from
biological macromolecules, including proteins,
carbohydrates, and lipids, which offer excellent
adhesion properties due to their functional groups that
promote bonding (Arias et al., 2021).

Protein-based adhesives

Protein-based adhesives use proteins as the primary
bonding component. They have been widely studied
because proteins contain reactive amino acid side
chains capable of hydrogen bonding, ionic
interactions, and covalent crosslinking. Examples
include soy protein adhesives from soybean meal,
which can be modified with crosslinkers to improve
water resistance and bond strength (Li et al., 2021);
casein adhesives, which are traditionally used in wood
and paper bonding (Zhou et al.,, 2022); gelatin
adhesives derived from collagen hydrolysis, which are
relevant in pharmaceutical and biomedical contexts
because of their biocompatibility (Liu et al., 2022);
and albumin-based adhesives from egg white or
bovine serum albumin, which have been investigated
for tissue-engineering applications (Wijaya et al.,
2015).

Carbohydrate-based adhesives

Carbohydrate-based adhesives

polysaccharides and offer high renewability and

rely on
biodegradability. Starch adhesives derived from corn,
wheat, potato, or cassava are widely used in paper and
packaging applications (Zhu et al., 2023). Cellulose-
based adhesives and cellulose derivatives can provide
improved strength and water resistance after chemical
modification (Sun et al., 2022). Chitosan adhesives,
obtained from chitin sources such as crustacean shells,
contain amino and hydroxyl groups and can show
antimicrobial activity, which makes them attractive
for medical and packaging applications. Alginate
adhesives, sourced from seaweed, can form gels and
are therefore relevant for biomedical applications
(Zhu et al., 2023).

Lipid-based adhesives

Lipid-based adhesives include systems derived from
plant oils, waxes, and natural resins. Vegetable-oil
derivatives, for example, from soybean or castor oil,
can be converted into polyols, epoxides, or other
reactive intermediates for polyurethane, epoxy, or
pressure-sensitive adhesive formulations (Li et al.,
2021). Natural waxes and plant resins such as rosin
can contribute tack, hydrophobicity, and flexibility in
hot-melt and pressure-sensitive adhesive systems
(Zhang et al., 2023).

Lignin and tannin-based adhesives

Lignin and tannins are abundant phenolic compounds
found in plants and trees, often used as bio-based
alternatives to synthetic phenol-formaldehyde resins.
Lignin-based adhesives are by-products of the paper
and bioethanol industries. Lignin adhesives exhibit
strong mechanical properties when modified with
fillers (Alinejad et al., 2019). Tannin-based adhesives
are obtained from tree bark. Tannins have a natural
crosslinking affinity. It elevates their use in wood
bonding and composites (Pizzi, 2024).

Bio-inspired adhesives

Bio-inspired adhesives mimic adhesion strategies
found in biological organisms. Mussel-inspired
adhesives are based on catechol chemistry and can
provide strong wet or underwater adhesion (Lee et al.,
2020). Gecko-inspired dry adhesives use micro- and
nanoscale structures to exploit van der Waals forces
and enable reversible adhesion. Spider-silk-inspired
systems aim to combine toughness, elasticity, and
biocompatibility  through  engineered protein
structures (Singh et al., 2022). Table 1 summarizes
selected Dbiological sources, compounds, bonding
mechanisms, and typical applications, along with
direct primary renewable feedstock used in adhesive
formulation. It differentiates materials directly used as
biomass sources from those contained through
extraction, chemical conversion, fractionation, or
microbial biosynthesis.

Table 1. Classification of bio-based adhesives by source

Biological Compound Major bonding Direct primary Applications  References
source mechanism renewable
feedstock used in
adhesive
formulation

Penicillium  Anhydrous citric Polycondensation No Wood Mahnic¢ et

oxalicum acid composites al., 2024
Shrimp and Chitosan Hydrogen bonding, ionic No Medicine, Luo et al.,

other (Carbohydrate) interaction, or chemical wood 2026

crustaceans crosslinking composites
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Vibrio Exopolysacchari Polyaddition No Research Liu & Chen,
parahaemo des 2015
Iyticus
Flowering Natural rubber Natural polymer formation Yes Wood Perumal et
plants latex composites al., 2013
Wood Lignin Phenolic crosslinking, No Wood Kumar et
(Aromatic Covalent bonding composites, al., 2025
polymer) foams
Oleaginous Polyols Polyurethane curing Yes Wood Somani et
plants reaction composites, al., 2003
foams
Wheat, Protein Covalent and Hydrogen Yes Paper Fahmy et
fish, Bonding al., 2010
rapeseed
cake
Potatoes Starch Hydrogen bonding, ester Yes Packaging Admase et
(Carbohydrate) crosslinking al., 2024
Tree bark,  Suberin Polycondensation No Wood Isikgo et al.,
cork composites 2015
Flowering  Tannin Phenolic crosslinking Yes Wood Aristri et al.,
plants (Polyphenol) composites 2021
Wood Hemicellulose Hydrogen bonding, ester No Wood Isikgor et
(Carbohydrate) crosslinking composites al., 2015
Vanilla Vanillin (Phenol) Phenolic crosslinking Yes Orthodontics Sini et al.,
planifolia 2014

* “Yes” indicates direct use of the biomass in the adhesive formulation, “No” denotes the compound used as secondary

intermediates or processed bio- derived alternatives.

Synthetic adhesives are generally prepared from non-
renewable petrochemical monomers or polymers such
as phenol, urea, melamine, formaldehyde, epoxy
resins, acrylics, silicones, polyurethanes, and related
systems. They are often cost-effective and provide
high mechanical strength, thermal stability, water

resistance, and processing reliability, as summarized
in Table 2. However, fossil-derived adhesive systems
may contribute to VOC emissions, formaldehyde
exposure, persistent waste, and environmental
burdens, which motivates the search for renewable
and lower-emission alternatives (Antov et al., 2020).

Table 2. Overview of synthetic adhesives and their application

Adhesive type Key characteristics Common applications

Epoxy Strong adhesion, heat resistance, durable under Suitable for bonding metals, ceramics, and
harsh conditions, easy to use, cost-effective, and polymers (Caldas et al., 2019).
cures at relatively low temperatures (for 2K
systems).

Acrylics Offers design flexibility, high strength, rapid Commonly used for cloth, plastics, and
curing, and can bond to surfaces with minimal metals (Aronovich & Boinovich, 2021).
preparation.

Polyurethanes Flexible even at low temperatures, impact and Works well with plastics, metals, and rubber
fatigue resistant, ideal for bonding dissimilar (Abu Bakar et al., 2024).
materials.

Cyanoacrylates Rapid adhesion to plastic and rubber but has poor Bonds a wide variety of materials

(Superglues) resistance to moisture and high temperatures. (Ebnesajjad, 2011).

Anaerobic Cures without exposure to light, heat, or oxygen, Primarily used for metals (Sineokov et al.,

Adhesives often used for fastening and sealing cylindrical 2008).
components.

Silicones Highly flexible, excellent for sealing, withstands Used with metals, glass, paper, plastics, and

extreme temperatures, long curing time (for 1K
systems), but low strength.

rubber (Han et al., 2022).
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Phenolics Maintains strength for short durations, offers
limited thermal shock resistance, and is cost-
effective.

Polyimides High thermal stability but influenced by various
factors, challenging to process, and relatively
expensive.

Bismaleimides Rigid with low peel strength.

Amino  Resins Strong, rigid, cost-efficient, and fast-curing.

(e.g., Urea-

Formaldehyde)

2026).

1990).

Suitable for bonding metals, glass, ceramics,

and plastics (Kajiyama 2002).

(Bhandari et al., 2019).

Chemical structure of bio-based adhesive

The performance of bio-based adhesives depends
strongly on molecular structure, functional-group
density, molecular weight, crosslinking chemistry,
morphology, and interactions with the substrate.
Hydroxyl, carboxyl, amino, phenolic, and thiol groups
can promote wetting, hydrogen bonding, ionic
interactions, and covalent crosslinking. Therefore,
understanding chemical structure is essential for

HOH,C CH,OH
\ X p
o—(OH H N
0 AN
OH H OH

Simple starch

CH,OH

Chitosan

tailoring adhesion strength, elasticity, thermal
stability, water resistance, and degradation behavior

for specific applications.
Polysaccharide-based adhesives

Starch, cellulose, and chitosan are polysaccharides
rich in hydroxyl groups and are therefore widely
investigated as bio-based adhesive components. Their
hydroxyl groups facilitate hydrogen bonding with
polar substrates.

CH,OH

Cellulose
0.
oH ™ H o
n
H NH,

Figure 7. Chemical structures of different polysaccharides (Takada & Kadokawa, 2015)

Starch consists mainly of linear amylose and branched
amylopectin. Amylose can contribute strength through
ordered or crystalline domains, whereas amylopectin
can influence flexibility, viscosity, and film-forming
behavior (Saha et al., 2020). Modified cellulose
derivatives, such as carboxymethyl cellulose and
hydroxypropyl cellulose, can improve solubility,
processability, and hydration behavior. Chitosan
contains both amino and hydroxyl groups, which can
support hydrogen bonding, ionic interactions, and
chemical crosslinking, thereby improving cohesion

and water resistance (Hong et al., 2025). Figure 7
shows representative structures of starch, cellulose,
and chitosan.

Protein-based adhesives

Proteins such as soy protein, casein, and gelatin
contain peptide backbones and reactive side groups,
including carboxyl, amino, hydroxyl, and thiol
groups. These groups enable hydrogen bonding, ionic
interactions, and covalent crosslinking with suitable
curing agents.

Applied to metals and wood (Mardani et al.,

Used with cloth and plastics (Hergenrother,

Commonly used in wood applications
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Figure 8. Simple reaction of soybean protein-based adhesive (Zhu et al., 2022)

In soy protein adhesives, water resistance and
cohesive strength are often improved by denaturation,
crosslinking, or reaction with aldehydes, epoxides,
polycarboxylic acids, or other multifunctional
compounds, frequently combined with hot pressing as
shown in Figure 8. Casein binders rely on a
combination of hydrogen bonding, ionic interactions,
and hydrophobic interactions; calcium salts and other
additives can improve wet adhesion and network
formation (Zhang et al., 2025).

Biobased polyesters and polyurethanes
Bio-based polyurethanes have attracted considerable

attention in adhesive applications because urethane

CH,—COOR,

linkages can provide strong hydrogen bonding,
toughness, flexibility, and adhesion to both polar and
selected non-polar substrates (Alinejad et al., 2019).
Renewable polyols can be obtained from vegetable
oils, lignin, lactic acid, itaconic acid, or other biomass-
derived intermediates. These polyols can react with
diisocyanates to form partially or fully bio-based
polyurethane adhesives, depending on the origin of
both the polyol and isocyanate components. Figure 9
illustrates the preparation of a polyester polyurethane
from modified castor-oil-based polyol and partially
bio-based hexamethylene diisocyanate (PBHDI).

ol H; H;
PR o] OH
CH——COOR, . RJ““‘“(':/ \c/c\"o/c\‘c/
CH,—O0—H Hz Hz
Modified castor cil
+
OEI/RO H
H
H H, 2
- P NP . N
O-C-N/ \c/ \c/ \c/ \c/ \C c c N=C=0
=C=| H,
H H; H, “ H,; H,
(o]
PBHDI
0o
RO H o
Bl ' P e
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C—N \"/ N 0——CH;—CH;—0
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Polyester polyurethane (PEPU)

Figure 9. Preparation of polyester polyurethane from modified castor oil (Sahoo et al., 2018)
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Lignin and tannin-based adhesives

Lignin and tannins are aromatic polyphenolic
compounds that are particularly relevant for wood
adhesives. Lignin contains phenolic hydroxyl groups,
aliphatic hydroxyl groups, methoxy groups, and
aromatic  structures that can interact with
lignocellulosic ~ substrates and participate in
crosslinking reactions after chemical modification

OH

OH
OH

HO

a

(Figure 10). Tannins contain multiple phenolic
hydroxyl groups and can react with aldehydes,
glyoxal, furfuryl alcohol, or other crosslinkers to form
phenolic networks. Because of their aromatic
structure, lignin- and tannin-based adhesives can offer
stiffness, thermal stability, and partial hydrophobicity,
but their reactivity, solubility, and batch-to-batch
variability must be carefully controlled (Kumar et al.,
2025)

OH

OH

OH
HO

OH
OH

b

Figure 10. Chemical structure of (a) lignin, (b) tannin (Alinejad et al., 2019)

CHALLENGES AND LIMITATIONS
Low water resistance and durability

Many bio-based adhesives, particularly starch- and
exhibit
resistance and long-term durability because of their

protein-based  systems, limited water
hydrophilic functional groups. Moisture absorption
can lead to swelling, plasticization, hydrolysis,
microbial degradation, or loss of cohesive strength.
Chemical crosslinking, hydrophobic modification,
blending with more water-resistant polymers, and
incorporation of nanofillers are therefore widely used

to improve wet strength and dimensional stability.

Scaling up production while maintaining cost-
effectiveness

Although bio-based adhesives offer sustainability
benefits, large-scale production faces economic and

technological  barriers. Feedstock availability,
seasonal and regional variability, purification
requirements, processing energy, formulation

complexity, and quality control can strongly influence
cost. In addition, renewable feedstocks may compete
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with food, feed,
commercial adoption, bio-based adhesives must

or other material uses. For

therefore meet performance requirements while
remaining compatible with industrial processing and
economically competitive with established synthetic
systems.

Compatibility with existing industrial applications

Industries using synthetic adhesives have optimized
manufacturing processes, application equipment,
curing conditions, and quality-control procedures for
conventional formulations. Transitioning to bio-based
alternatives requires compatibility with existing
processing windows, substrates, application methods,
pressing cycles, storage conditions, and regulatory
requirements. Reformulation may also require new
testing protocols to demonstrate bond strength, water
resistance, durability, emissions behavior, and long-
term reliability.

Need for further research in bio-based monomers
and polymerization techniques

Despite advancements, bio-based adhesives require

extensive research in monomer selection and
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polymerization techniques to enhance their
performance. Innovative bio-based monomers with
improved adhesion, mechanical strength, and
environmental stability are essential for meeting
industrial demands. Enzymatic polymerization, bio-
catalytic synthesis, and hybrid formulations have
shown promise in improving bio-adhesive properties.
Additionally, bio-inspired strategies, such as mussel-
inspired catechol chemistry, offer novel approaches to
enhance adhesion strength and water resistance (Yu et

al., 2021).

RECENT
ADHESIVES

ADVANCES IN  BIO-BASED

Ongoing research in bio-based adhesives focuses on
improving adhesion strength, water resistance, and
durability through various chemical, enzymatic, and
nanotechnological modifications. The development of
bio-based polyurethane and epoxy adhesives, as well
as biodegradable and compostable formulations, has
further expanded the potential applications of these
adhesives, which are illustrated below (Arias et al.,
2021).

Modification techniques for enhancing adhesion
strength and water resistance

Bio-based adhesives often show limited water
resistance, variable cohesive strength, or insufficient
durability compared with established petrochemical
systems. These drawbacks can be mitigated through
chemical modification, enzymatic treatment, hybrid

Enzymatic catalytic reaction

formulation, nanofiller reinforcement, and optimized
curing strategies.

Chemical modification is one of the most effective
approaches for improving the performance of bio-
based adhesives. Feedstocks such as lignin, starch,
tannin, soy protein, cellulose, and vegetable oils
contain functional groups that can be esterified,
etherified, epoxidized, oxidized, or crosslinked. For
example, crosslinking with glutaraldehyde or
isocyanates enhances the water resistance of soy
protein adhesives, as shown in Figure 11. In the same
way, the aid of tannin into lignin-based adhesives
yields effective bonding stability (Watcharakitti et al.,
2022). Such modifications can increase cohesive
strength, reduce water sensitivity, improve thermal
stability, and tailor viscosity and curing behavior.

Recent studies have demonstrated that incorporating
bio-based crosslinkers, such as tannic acid, citric acid,
furfural, and vanillin, enhances the thermal stability
and moisture resistance of adhesives while reducing
dependence on petroleum-derived chemicals. For
example, glyoxal-modified soy protein adhesives
showed improved wet shear strength as well as
reduced formaldehyde emission compared to
traditional urea formaldehyde systems (Bhandari et
al., 2019). Moreover, polyurethane adhesives based on
renewable polyols derived from castor oil, cardanol,
and lignin exhibited excellent flexibility and good

interfacial bonding performance (Zhen et al., 2024).

| Esterified starch

Raw starch '*

Chemical
modification

Etherification
Acetylation
Oxidation
sulfation

Crosslinking

Modified starch

Processing

Processing

Adhesives

Figure 11. Chemical modification of starch-based adhesive by crosslinking agents (Watcharakitti et al., 2022)

Enzymatic modification can provide milder and
potentially more selective routes for modifying lignin,
tannins, polysaccharides, and proteins. Laccase,
peroxidase, transglutaminase, and related enzymes
can promote oxidative coupling or -crosslinking
reactions under relatively mild conditions (Fig. 12).

These approaches may reduce the need for toxic
aldehyde-based curing agents and can lower VOC
emissions, although enzyme cost, reaction time,
process control, and scalability remain important
challenges.
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Figure 12. Phenolic groups oxidation by laccase-mediated reaction and highlighting the main linkages occurring during
polymerization: $-O-4 (B-aryl ether), B— B (resinol), f-5 (phenylcoumaran), and C5-CS (Cunha et al., 2025)

Hybrid formulations combine bio-based polymers
with limited amounts of synthetic resins, reactive
crosslinkers, or reinforcing phases. The aim is to retain
the sustainability advantages of renewable feedstocks
while improving bond strength, cohesion, water
resistance, and processing reliability. However, the
environmental benefit of hybrid systems must be

assessed carefully, because the addition of synthetic
components may reduce biodegradability or
complicate end-of-life management. Figure 13 shows
that the chemical alteration of chitosan using an
inorganic crosslinker creates a hybrid formulation for
improved adhesive activity.
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Figure 13. Chemical structure, reactive functional groups, and chemical modification of chitosan for synthesis of a hybrid
bio-based adhesive (Calvez et al., 2024)

Nanotechnology in bio-based adhesives

Nanotechnology has gained increasing attention in
bio-based adhesive research. Traditional starch-,
protein-, and lignin-based adhesives may show limited
thermal resistance, poor dimensional stability, or low
water resistance. Nanofillers such as cellulose

nanocrystals, nanocellulose fibrils, nanoclays, lignin
nanoparticles, chitosan nanoparticles, graphene
derivatives, or mineral nanoparticles can reinforce the
adhesive network, improve barrier properties, and
enhance stress transfer at the interface when they are
well dispersed and compatible with the matrix.
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Nanocellulose

The addition of cellulose nanocrystals (CNCs)
reinforces protein- and starch-based adhesives,
leading to improved bond strength and moisture
resistance. This enables the formation of more
compact and interconnected structures along with
reduced microvoid formation within the adhesive film
(Zhou et al., 2022).

Graphene oxide

The graphene oxide in soy protein adhesives has been
shown to increase their mechanical activity. The
oxygen-containing functional group creates a strong
surface reaction, like an electrostatic interaction with
protein chains. It limits the polymer chain mobility as
it increases stiffness and overall structural integrity.
Moreover, graphene oxide has a two-dimensional
layered structure, which helps in improving resistance
to environmental degradation under moisture and
thermal stress (Zhang et al., 2023).

Bio-based nanoparticles

Biopolymer-based nanoparticles, such as chitosan and
lignin nanoparticles, have been explored for their
ability to improve adhesion strength while
maintaining biodegradability. They show increased
network formation, surface bonding, and decreased
porosity (Sun et al., 2022).

Development of bio-based polyurethane and epoxy
adhesives

Polyurethane and epoxy adhesives derived from
renewable sources have gained interest due to their
high mechanical strength and resistance to harsh
environments.

Bio-based polyurethane adhesives

Polyurethane adhesives synthesized from vegetable
oils and lignin-based polyols have been developed as
alternatives to  petroleum-based  polyurethane
adhesives (Ferrandez-Villena et al., 2020). These bio-
based formulations exhibit strong adhesion and
flexibility while maintaining biodegradability.

Bio-based epoxy adhesives

Epoxy adhesives derived from bio-based precursors,
such as cardanol and epoxidized plant oils, show
excellent mechanical and thermal properties suitable
for construction and automotive applications (Wang et
al., 2019)

Emerging Research on and

Compostable Adhesives

Biodegradable

Fully biodegradable or compostable adhesives are
being developed to address adhesive-related waste,
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especially in packaging, paper, hygiene, agriculture,
and selected biomedical applications. However,
biodegradability must be evaluated under defined
conditions, such as industrial composting, home
composting, soil, marine, or physiological
environments. A general claim of biodegradability is
insufficient unless supported by standardized testing
and a clearly defined end-of-life scenario.

Binderless wood-based composite panels (WBCPs)

Binderless panels are produced without adhesives by
activating the chemical components of wood through
heat and pressure. During processing, lignocellulosic
materials undergo degradation through steam
explosion, enzymatic modifications, and fungal
treatments, generating monomers with free radicals
that promote self-bonding to optimize adhesion
(Ferrandez-Villena et al., 2020). The breakdown of
lignin and hemicelluloses releases acetone, organic
acids, and furfural acids, which polymerize and act as
natural binding agents (Nitu et al., 2020).

To enable effective bonding, wood polymers must be
plasticized above their glass transition temperature.
Acidic compounds from hemicellulose degradation
catalyze cellulose and hemicellulose breakdown,
leading to recondensation reactions that form natural
resins or bonds with lignin. As the material cools,
plasticized lignin solidifies around cellulose and
hemicellulose. It notably affects the final mechanical
properties of the panel (Kaybal et al., 2017). The self-
bonding method in binderless panels is affected by
several factors. It involves temperature, pressure,
pressing time, and particle size. The main reactions
display as hemicellulose hydrolysis, the release of
reactive compounds that enhance bonding. Moreover,
it can be achieved by lignin softening, which
facilitates the adhesion of fibers during hot pressing
(Kaybal et al., 2017). Figure 14 explains the formation
of binderless particle boards from the pretreatment of
wood through steam explosion. It illustrates that the
woody biomass is treated with high-pressure steam by
rapid decompression to disrupt the lignocellulosic
bond. Audibert et al. (2025) also reported that such a
process exposes the lignin and creates natural
adhesion. Such samples are then hot pressed without
any synthetic adhesive to form particle board. Self-
bonding in WBCPs relies on the above parameters.
Lately, researchers get attentive towards pre-treatment
methods to enhance the bonding of fiber, which is
explained below (Chen et al., 2024).
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Figure 14. Schematic representation of binderless particle boards from steam-exploded woody biomass, where steam
eruption improves lignin homogenization and self-adhesion behavior of the fibers (Audibert et al., 2025)

Mechanical pre-treatment

Mechanical pretreatment can enhance fiber bonding
by increasing accessible surface area, opening fiber
structures, and improving the availability of lignin and
hemicellulose at the interface. Steam explosion can
improve self-bonding by disrupting cell-wall
structures, exposing fibrils, and redistributing lignin,
which may contribute to water resistance and cohesive
strength (Ferrandez-Villena et al., 2020).

Chemical pre-treatment

Chemical pretreatment can be acidic or alkaline. Acid
treatment can hydrolyze lignocellulosic components
and increase the availability of reactive groups, but
excessive degradation may reduce mechanical
performance. Alkaline pretreatment can remove or
redistribute lignin and hemicellulose and increase
fiber surface roughness and reactivity. The choice of
pretreatment must balance improved bonding with
preservation of fiber integrity and process
sustainability (Kumar et al., 2025).

Biological pre-treatment

Biological pretreatments using enzymes or fungi,
especially white-rot fungi, can selectively modify
lignin and hemicellulose and thereby improve
bonding potential. Mycelium-based biocomposites
use fungal growth to create interwoven networks that
bind lignocellulosic particles. Processing parameters
such as time, humidity, temperature, species selection,
and sterilization strongly influence final properties
and reproducibility (Chen et al., 2024).
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PERFORMANCE EVALUATION OF BIO-
BASED ADHESIVES

Bio-based adhesives are evaluated using mechanical,
physical, thermal, chemical, and durability-related test
methods. These evaluations provide information on
adhesion strength, cohesive strength, water resistance,
thermal stability, aging behaviour, and interfacial
interactions, as summarized in Figure 15.

Mechanical properties

Shear strength describes the maximum shear stress
that an adhesive joint can resist when loaded parallel
to the bonded interface. It is commonly used to assess
wood, composite, metal, and polymer bonding
performance. Bio-based adhesives reinforced with
nanomaterials or chemically crosslinked networks can
show improved shear strength, but results depend
strongly on substrate, surface preparation, adhesive
spread rate, curing conditions, and test standard (Chen
etal., 2024).

Tensile strength describes the maximum tensile stress
that an adhesive film or bonded joint can withstand
under tensile loading. For adhesive films, dumbbell-
shaped specimens may be tested until failure to
evaluate cohesive strength. For bonded joints, tensile
or pull-off tests can be used to assess adhesion
perpendicular to the interface. A clear distinction
between adhesive-film testing and bonded-joint
testing is necessary when comparing results.

Bond durability

It examines the long-term performance of the adhesive
under humidity, temperature, or water immersion. The
chemical changes in the functional group are
evaluated through FTIR (Sun et al., 2022).
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Physical properties

Water resistance measures the ability of an adhesive
or bonded joint to retain strength and dimensional
stability under moisture exposure or water immersion.
Depending on the application, samples may be

subjected to soaking, boiling-water tests, humidity
aging, cyclic wet-dry exposure, or standardized wood-
panel tests. Microscopy, FTIR, SEM, swelling
measurements, and residual bond-strength testing can
be used to evaluate degradation mechanisms (Zhu et
al., 2023).
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Figure 15. Performance evaluation of biobased adhesives (Dunky et al., 2023; Zhao et al., 2022; Chen et al., 2024)

Thermal stability can be evaluated using
thermogravimetric analysis (TGA), differential
scanning calorimetry (DSC), dynamic mechanical
analysis (DMA), and heat-aging tests. TGA provides
information on mass loss and decomposition stages,
DSC can reveal transitions such as glass transition,
melting, crystallization, or curing reactions, and DMA
can assess viscoelastic behaviour and mechanical
stability as a function of temperature.

COMPARATIVE ANALYSIS:
SYNTHETIC ADHESIVES

BIO-BASED VS.

Bio-based adhesives offer sustainable alternatives to
conventional  synthetic  adhesives, but their
performance must be critically compared across
several parameters to assess their viability in industrial
applications.

Mechanical properties (bond strength, durability,
flexibility, and resistance to heat/moisture)

Synthetic  adhesives, particularly epoxy and
polyurethane-based formulations, are known for their
superior bond strength, flexibility, and resistance to
heat and moisture (Pizzi, 2016). However, recent
advancements in bio-based adhesives, such as lignin-
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phenol  blends and  nanocellulose-reinforced
adhesives, have significantly improved their
mechanical durability and resistance to environmental
factors (Heinrich, 2019).

Biodegradability and environmental impact

Bio-based adhesives can have lower environmental
footprints when derived from renewable resources,
produced efficiently, and designed for suitable end-of-
life pathways. However, environmental performance
is not guaranteed by bio-based origin alone.
Agricultural inputs, land use, feedstock purification,
chemical modification, drying energy, crosslinker
selection, durability, and disposal route can strongly
influence the overall life cycle impact. Therefore,
LCA results should be interpreted on a formulation-
and application-specific basis.

Cost and scalability challenges

Despite their environmental benefits, bio-based
adhesives often face challenges in cost-effectiveness
and large-scale production. The processing and
chemical modification of natural polymers can
increase manufacturing costs, making them less
competitive compared to synthetic adhesives (Tout,
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2000). However, ongoing advancements in feedstock
processing and bio-refinery technologies are helping
to bridge this cost gap (Taboada et al., 2020).

Regulatory and safety considerations

The use of bio-based adhesives aligns with stringent
environmental and safety regulations, particularly
those restricting  hazardous chemicals like
formaldehyde in synthetic adhesives. Industries are
increasingly adopting bio-based formulations to
comply with green building standards and sustainable
product certifications (Audibert et al., 2025).

FUTURE PERSPECTIVES AND
INNOVATIONS

Green chemistry is driving innovation in bio-based
adhesives  through enzymatic polymerization,
biocatalytic  synthesis, solvent-free processing,
formaldehyde-free crosslinking, and renewable

monomer development. These approaches can reduce
hazardous emissions and fossil-resource use while
improving application-specific performance. Future

innovations should combine high bond strength,

moisture resistance, scalable processing, low
emissions, and credible end-of-life concepts.

LIFE CYCLE ANALYSIS AND
ENVIRONMENTAL IMPACTS

Life cycle assessment (LCA) evaluates the

environmental impacts of adhesives from raw material
sourcing through production, use, and end-of-life.
Several studies indicate that bio-based adhesives can
reduce global warming potential, fossil-resource use,
and toxicity compared with petrochemical adhesives,
but the magnitude of improvement depends strongly
on the feedstock, system boundary, allocation method,
energy mix, adhesive performance, and durability,
summarized in Table 3. Therefore, bio-based
adhesives should not be described as automatically
superior; instead, each adhesive system should be
evaluated using a defined functional unit, such as
bonding performance per square meter of panel or per
bonded component (Zazo et al., 2025).

Table 3. Overall environmental performance of petro and bio-based adhesive (McDevitt & Grigsby, 2014)

Adhesive type Relative CO: VOC emission Sustainability
emissions/reduction
potential

PF/UF synthetic adhesive  High emissions / low High Non-renewable
reduction potential

Soy-based adhesive 20-30% lower Low Renewable

Lignin-based adhesive Potentially 15-35% lower, Very low Biodegradable
formulation-dependent

Tannin adhesive Moderate reduction Low Renewable

potential, formulation-

dependent

CONCLUSION

In conclusion, bio-based adhesives have gained
significant attention as potential alternatives to
petroleum-based adhesives because they can combine
renewability, reduced fossil-resource use, lower
toxicity, and improved end-of-life options. Recent
advances in chemical modification, enzymatic
crosslinking, nanofiller reinforcement, bio-based
polyurethane and epoxy chemistry, and binderless
lignocellulosic composites have improved adhesion
strength, water resistance, thermal stability, and
durability. Applications include wood composites,
paper and packaging, construction panels, furniture,
selected automotive components, and biomedical
systems.

Nevertheless, production cost, large-scale
commercialization, raw-material variability, water
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resistance, outdoor durability, long-term aging, and
regulatory compliance remain major barriers. Future

research should focus on application-specific
performance,  standardized  testing,  scalable
processing, formaldehyde-free and low-VOC

chemistry, robust LCA data, and clear end-of-life
concepts. Bio-based adhesives should be positioned
not as universal replacements for petrochemical
adhesives, but as targeted solutions for applications
where sustainability, performance, cost, and durability
can be balanced.
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