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Chapter

Applications of Tannin Resin
Adhesives in the Wood Industry

Xiaojian Zhou and Guanben Du

Abstract

Tannin is extracted from natural sustainable materials. It is widely used to
prepare tannin resin adhesives owing to its naturally occurring phenolic structure.
This chapter aims to introduce the resources and structures of tannin, existing
reactions that are involved in the synthesis of tannin resin, and the applications
of tannin resin adhesives in the wood industry. Additionally, the advancements in
the research based on the use of tannin resins in manufacturing plywood, par-
ticleboard, wood preservation, decoration paper impregnation, structural glulam,
impregnated fibers, and other wooden products are reviewed. Herein, the main
limitations encountered during the application of tannin resin adhesives and the
future key research points are identified. Finally, the potential applications of tan-
nin resin adhesives in the wood industry have been discussed.

Keywords: tannins, resins, adhesives, wood industry, applications

1. Introduction

The use of adhesives dates back to approximately 3000 years ago. Several types
of adhesives based on specific applications have been developed, particularly for
the manufacturing of wood and paper products, among other products. Therefore,
thousands of adhesive products have been developed. Factors that affect the selec-
tion of the adhesives are cost, assembly process, bonding strength, and durability.

The fabrication of wood-based panel products involves a “preparation and
recombination of wood unit” process wherein wood adhesives play a crucial role.
Adhesives play a vital role in wood processing because their quality has a direct
impact on the performance of the final wood product.

Synthetic and natural resins are the most commonly used adhesives in the wood
industry. Some examples of synthetic resins are urea-formaldehyde resin; phenolic
resin; melamine formaldehyde resin; and copolycondensation resin, which include
phenol-urea-formaldehyde resin (PUF) and melamine-urea-formaldehyde resin
(MUF). Some examples of natural resins are soy protein adhesive, tannin resin,
lignin adhesive, and starch adhesive.

Although synthetic resin has high weathering resistance and mechanical
strength, its raw materials are derived from nonrenewable petrochemical products
that are volatile and expensive. Additionally, these products emit formaldehyde,
which is toxic and carcinogenic.

The awareness of environmental protection and personal health has been
emphasized in recent years. Therefore, natural resins with renewable resources
as the main materials have attracted considerable amount of attention. Research
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and application of the tannin resin have been highly successful in some countries
because its phenolic structure enables its use as adhesives and as a partial or com-
plete substitute for phenols in adhesives. This chapter provides a comprehensive
discussion of the situation of the existing tannin resources, reaction mechanisms
involved in the synthesis of tanning resins, and general application of tannin resins
in the wood industry. This information could provide ideas for the scholars and
broaden the application scope of tannin resins in the wood industry.

The production of tannin for leather manufacturing peaked immediately after
World War II and has progressively declined. Tannin adhesives were first successfully
commercialized in South Africa in the early 1970s. Subsequently, mimosa tannin
adhesives were used instead of synthetic phenolic adhesives to manufacture particle-
board and plywood for external and marine applications. Tannin resin adhesives have
been used in Australia, Zimbabwe, Chile, Argentina, Brazil, and New Zealand [1].

2. Tannin resources

Tannins are extracted from agroforestry biomaterials, such as wood, bark,
leaves, and fruits, by the water extraction method. Tannins can be categorized as
hydrolyzable tannin or condensed polyflavonoid tannin. The latter is one of the
main objects of wood adhesive research and accounts for 90% of the global tannin
output. The annual industrial output of tannin reaches up to 200,000 tons.

The distribution of tannin resources in the world has regional characteristics.
For example, black wattle tannin is mainly manufactured in Brazil, South Africa,
India, and other countries. Quebracho tannin is mainly manufactured in Argentina.
Chestnut tannin is mainly manufactured in Italy and Slovenia. Pine bark tannin
is mainly manufactured in Chile and Turkey. Oak tannin is mainly manufactured
in Poland. Tannin from grape residues, such as skins and seeds, is mainly manu-
factured in France. In China, tannin is mainly synthesized from larch, poplar, and
acacia bark.

3. Tannin structures

Hydrolyzable tannin comprises different types of unit structures, including
gallic, digallic, and ellagic acids (see Figure 1), as well as sugar esters, which usually
exist in the form of glucose [2, 3].

Condensed tannin comprises monoflavonoids or flavonoid units that have under-
gone various degrees of polymerization. These units are associated with their precur-
sors, such as flavanes-3-ol and flavanes-3,4-diol, among other flavonoids [4, 5]. Each
flavonoid contains two types of phenolic nuclei, which are A- and B-ring, as shown
in Figure 2. The A-ring includes resorcinol and phloroglucinol, whereas the B-ring
includes pyrogallol and catechol, among other rare phenols. The A-rings of different
tannins possess different chemical structures. The A-rings of tannins extracted from
mimosa/wattle, quebracho, Douglas fir, and spruce include resorcinol, whereas those
of pine include phloroglucinol.

The main polyphenolic pattern is represented using flavonoid analogs that are
based on the resorcinol A-ring and pyrogallol B-ring (I type in Figure 3). This unit
structure accounts for 70% of tannin. Unit structure II constitutes 25% of tannin
and comprises a resorcinol A-ring and catechol B-ring (II type in Figure 3). The
remaining 5% is a mixture of phloroglucinol-pyrogallol (III type in Figure 3) and
phloroglucinol-catechol (IV type in Figure 3) flavonoids. These four patterns consti-
tute 65-80% of mimosa bark extract. The remaining components are non-tannins,
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Figure 1.
Unit structures of hydrolyzable tannin.

Figure 2.
Main structure of condensed tannin.
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Figure 3.
Main units of condensed tannin.

which are simple carbohydrates, hydrocolloid gums, and nitrogen compounds, i.e.,
amino and imino acids. Gums and pectins are the most important components of
tannins and have a significant effect on the viscosity of the extract despite their low
concentration, i.e., 3-6%. These non-tannin substances can attenuate wood failure
and can decrease the water resistance of glued products.

Pine tannin mainly presents two patterns: one is represented by phloroglucinol
A-ring and catechol B-ring structures (V type in Figure 3) and the other is repre-
sented by phloroglucinol A-ring and phenol B-ring structures (VI type in Figure 3).
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Flavonoid units can be bound through their 4,6- and/or 4,8-linkages to form
polyflavonoids. Wattle-extracted tannin comprises 4-5 flavonoid units joined
together through 4,6-linkages. Each unit of wattle-extracted tannin has an average
mass number of 1250. The average mass number of quebracho tannin and pine
is 1784 and approximately 4300, respectively. Pine tannin is phloroglucinolic in
nature and its flavonoid units are joined together through 4,8-interflavonoid link-
ages. Linear polymeric tannins have only 4,6- (V) or 4,8-linkages (VI). However,
4,6- and 4,8-linkages may simultaneously exist in the presence of resorcinolic and
phloroglucinolic A-rings. This phenomenon results in the synthesis of angular
rather than linear polymeric tannins (VII). Matrix-assisted laser desorption/
ionization time-of-flight revealed that mimosa tannin is highly branched owing to
the presence of high proportions of angular units in its structure. On the contrary,
quebracho tannin is almost completely linear. These structural differences contrib-
ute to the considerable differences in the viscosity of tannin water solutions [6].

4. Synthesis of tannin resin adhesives

The low reactivity of hydrolyzable tannins with formaldehyde limits their
application in the wood industry, which can be attributed to their simple phenolic
structures (Figure1).

Tannin extracts usually contain sugars and gums, which are not involved in the
synthesis of resin adhesives. Commercially available tannin extracts from black
wattle and hardwood typically contain 70-80% of natural phenolic polymers,
whereas those obtained from pine contain only 50-60% of natural phenolic poly-
mers. Sugar dilutes the actual solid content, thus affecting the final properties of
resins. Gum considerably affects the strength of the resin and water resistance of
the adhesive. Due to the presence of non-tannin components, unmodified tannin
adhesive is unsuitable for the production of wood products with high requirements.
Therefore, tannin adhesives must be modified.

Normally, the viscosity of tannin resin adhesives is higher than that of synthetic
resins at the same concentration due to (1) the presence of high molecular weight
tannins in the extract and (2) the existence of hydrogen bonding and electrostatic
interactions between tannin and tannin, tannin and gum, and gum and gum.
Effective methods for decreasing the viscosity of tannin extracts in aqueous solu-
tions include the following: (1) acid or alkaline hydrolysis of high molecular weight
carbohydrates, e.g., with acetic anhydride, maleic acid anhydride, or NaOH [7, 8];
(2) addition of small amounts of hydrogen bond breakers (e.g., 3% urea based on
the solid content of the extract); and (3) destruction of heterocyclic ether in tannin
molecules through sulfite or bisulfite treatment.

4.1 Reaction of tannin with aldehyde

Tannin being phenolic in nature undergoes the same alkali- or acid-catalyzed
reaction with formaldehyde experienced by phenols. Alkali-catalyzed reactions are
predominantly used in industrial applications. Nucleophilic centers on the A-ring of
any flavonoid unit tend to be more reactive than those on the B-ring. Thus, the reac-
tion for inducing polymerization between formaldehyde and tannin mainly occurs
on the A-ring through methylene bridge linkages. The A-ring of the condensed tan-
nin molecules contains flavonoid units that possess one highly reactive nucleophilic
center each. The reactivity of the resorcinol A-ring (e.g., wattle) toward formal-
dehyde is comparable with that of resorcinol. On the contrary, the phloroglucinol
A-ring (e.g., pine) behaves as phloroglucinol. Pyrogallol or the catechol B-ring are
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unreactive and may only be activated via anion formation at a relatively high pH

[9, 10]. Hence, the B-ring does not participate in polymerization except at a high pH
(pH = 10). However, the reactivity between the A-ring and formaldehyde influences
pot life because it is too fast to control.

In general, only the A-ring structure participates in crosslinking to build
networks in tannin resin adhesives (Figure 4). However, owing to their size and
shape, tannin molecules become immobile at low levels of condensation with
formaldehyde. Thus, a large distance between the available reactive sites for
further methylene bridge formation results in the incomplete polymerization of
tannin resin adhesives. Incomplete polymerization, in turn, results in the forma-
tion of weak and brittle adhesives. Bridging agents with long molecules, such
as phenolic and amino-plastic resins [10, 11], have been used to overcome this
limitation by bridging the distances that are too large for interflavonoid methylene
to bridge.

Catechol and catecholic B-ring do not react with formaldehyde at a pH value less
than 10. Adding zinc acetate to the reaction mixture induces the B-ring to react with
formaldehyde at low pH values, the optimum pH being in the range of 4.5-5.5, as
shown by the high amount of formaldehyde being consumed. This finding implies
that the further crosslinking of the tannin-formaldehyde network could be achieved
through the participation of the B-ring in the reaction in the presence of zinc
acetate. Strength can be improved through the addition of zinc acetate at economi-
cally acceptable levels (5-10% in resin solids). Nevertheless, improved strength is
not comparable with the strength of fortified tannin resin.

Crosslinking is sometimes performed through the addition of isocyanate. The
highly reactive diphenylmethane diisocyanate (MDI) can be used to assist the
participation of B-ring in the crosslinking reaction [12]. Additionally, the reaction
between polymeric diphenylmethane diisocyanate (pMDI) and carbohydrates or
hydrocolloid gums can help in increasing the bonding strength of wood products.
The reaction rate of wattle and pine tannins with formaldehyde is slowest in the pH
range of 4.0-4.5 and 3.3-3.9, respectively.

OH

HO. i @ /H
OH —|— o= C\
H

OH . Formaldehyde
Tannin

Figure 4.
Reaction mechanism of tannin with formaldehyde.
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Formaldehyde is a major aldehyde used for the synthesis, setting, and curing
of tannin resin adhesives. It is normally used as a liquid formalin solution or in the
form of the polymer paraformaldehyde, which is capable of fairly rapid depoly-
merization under alkaline conditions. The formaldehyde reaction with tannin can
be controlled by the addition of alcohols to the system. Under these circumstances,
some of the formaldehydes are stabilized by the formation of hemiacetals, such
as the formation CH,[OH][OCHj;], if methanol is used. When the adhesive is
cured at an elevated temperature, the alcohol is driven off and formaldehyde is
progressively released from the hemiacetal. These effects minimize formaldehyde
volatilization when the reactants reach curing temperature and extend the pot life
of the adhesive.

Hexamethylenetetramine (hexamine) may also be added to tannin resins owing
to its formaldehyde-releasing action under heat. Although hexamine is unstable
in acidic environments, formaldehyde is liberated under alkaline conditions when
heated. This effect indefinitely extends pot life at the room temperature. However,
in most cases, hexamine does not decompose formaldehyde and ammonia in
the presence of chemical species with highly reactive nucleophilic sites, such as
melamine, resorcinol, and condensed flavonoid tannins. Instead, unstable interme-
diate fragments can be reacted with highly reactive nucleophilic sites, such as tannin
or melamine, among others, to form amino methylene bridges before yielding
formaldehyde. Any species with a strong negative charge under alkaline conditions
can react with the intermediate species formed by the decomposition of hexamine
far more readily than formaldehyde. This characteristic accounts for the capability
of wood adhesive formulations based on hexamine to render bonded panels with
extremely low formaldehyde emission [13].

In the absence of highly reactive species with strong negative charges, hex-
amine decomposition proceeds rapidly and results in formaldehyde formation.
Formaldehyde emissions from wood particleboards bonded with pine and wattle
tannin-based adhesives with paraformaldehyde, hexamine, and tris(hydroxyl)
nitromethane hardeners have been measured using the perforator method. All
particleboards manufactured using wattle tannin systems with three different
hardeners satisfied grade E1 requirements. On the contrary, only particleboards
made with pine tannin and hexamine hardener satisfied grade E1 requirements.
This tendency was attributed to the curing mechanism of the hardener, the reactiv-
ity of the tannin molecule toward formaldehyde, and rapid reactivity of pine tannin
toward formaldehyde [13, 14].

Formaldehyde is substituted with other aldehydes given that the methylene
linkages may be too short to form cross-linkages. Pizzi and Scharfetter have shown
that furfural-aldehyde is an efficient cross-linking agent and an excellent plasticizer
for tannin resin adhesives [15, 16]. The complete replacement of formaldehyde
with other aldehydes is unfeasible owing to their slow reactivity with tannins.

For example, the water resistance of cured tannin-formaldehyde networks was
improved by substituting 10-30% of formaldehyde with other aldehydes with satu-
rated hydrocarbon chains but not by the cosmetic addition of water repellents such
as waxes. Tannin adhesives prepared and/or set and/or cured with other adhesives
only or with mixtures of formaldehyde and high proportions of other aldehydes
yielded cured bonds weaker than those obtained with formaldehyde alone or its
mixtures with furfural.

The metal ion effect on phenol-formaldehyde reactions can be applied to con-
densed tannins of the flavonoid type with some degree of success. The acceleration
effect of the metal ions follows the order of Pb", Zn!", Cd", Ni"' > Mn", MgH, Cu'l,
Co" > Mn™™., Fe s> Bell, A1 5 Cr'l, Co™l,
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4.2 Acidic and alkaline hydrolysis and autocondensation

Tannin is subjected to two competing reactions when heated in the presence
of strong mineral acids: (1) degradation leading to anthocyanidin and catechin
formation and (2) condensation as a result of the hydrolysis of heterocyclic rings
(p-hydroxybenzyl ether links). The created p-hydroxybenzyl carbonium ions
condense randomly with nucleophilic centers on other tannin units to form phlo-
baphenes. Other modes of condensation such as free radical coupling of B-ring
catechol units cannot be excluded in the presence of atmospheric oxygen [17].

The interflavonoid bonds of condensed tannins with phloroglucinolic A-rings
are susceptible to cleavage under even mild alkaline conditions. This characteristic
could increase the reactivity with aldehydes. Increased reactivity and autoconden-
sation can be introduced through heterocyclic ring opening.

A drastic increase in the reactivity can be attributed to the liberation of the
phloroglucinol species of intermediate products. Model compounds have been used
to demonstrate that alkaline-catalyzed rearrangements increase tannin reactivity.
Nevertheless, some researches have considered model compounds to demonstrate
that tannin structural rearrangements can increase or decrease reactivity toward
aldehydes.

The autocondensation reactions that are characteristic of polyflavonoid tan-
nins have recently been utilized in adhesive preparation processes, i.e., adhesive
hardening in the absence of aldehyde. Autocondensation reactions are based on
the opening of the O1-C2 bond of the flavonoid repeat unit and the subsequent
condensation of the reactive center formed at C2 with free C6 or C8 sites of
a flavonoid unit on another tannin chain under alkaline or acidic conditions
(Figure 5). Although this reaction increases the viscosity considerably, gelling
does not generally take place. Normally, gelling occurs (1) in the presence of a
small amount of dissolved silica (silicic acid or silicates) catalyst or some other
catalysts and (2) on a lignocellulosic surface.

In the case of highly reactive pine tannin, cellulose catalysis is sufficient to
induce hardening and to produce boards with strengths that satisfy the relevant
standard requirements for interior-grade panels. The addition of dissolved silica
or silicate catalyst to low-reactive tannins, such as mimosa and quebracho, is the
best approach to achieve the required panel strength. The amount of silicic acid
or silicates affects gelling. Gelling accelerates as silicate content increases and
stabilizes after reaching a certain value. Although tannin resin adhesive that was
manufactured through autocondensation increases the dry strength of panels,
the strength of the resulting crosslinking is insufficient for exterior-graded
panels [18]. Aldehyde curing agents should be added for the preparation of
exterior-graded panels. Nevertheless, hardening through tannin autocondensa-
tion without any aldehyde addition is also possible. The mechanism of polyfla-
vonoid autocondensation has been examined using carbon-13 nuclear magnetic
resonance and electron-spin resonance spectroscopy, among others [19-21].

Zinc acetate also appears to induce a similar type of autocondensation reac-
tion that is slower than that induced by an aldehyde. The reaction induced by zinc
acetate mainly occurs at high curing temperatures. Consequently, the effect of zinc
acetate is too weak to hinder interflavonoid bond cleavage and pyran ring opening
in procyanidins. Therefore, in the presence of zinc acetate, the autocondensation of
prodelphinidins to prodelphinidins and prodelphinidins to procyanidins will occur,
whereas that of procyanidins to procyanidins will never or will rarely occur [22].

The autocondensation of polyflavonoid tannin is facilitated by the reaction that
occurs on cellulose and lignocellulosic substrates. Cellulose-induced polyflavonoid
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Figure 5.
Autocondensation of tannin resin.

autocondensation and Lewis acid-induced polyflavonoid autocondensation have
different mechanisms but involve similar subsequent reactions [23].

4.3 Sulfite reaction

Tannin sulfonation is one of the most useful reactions in flavonoid chemistry
and can be particularly useful for the preparation of tannin resin adhesives. The
drastic differences between the sulfite treatment products of resorcinol A-ring
type tannins (e.g., black wattle tannins) and those of resorcinol A-ring type
tannins (e.g., pine tannins) are mainly attributed to the different stabilities of the
linkage bonds between their units relative to those of heterocyclic ether bonds.
When sodium bisulfite is used to treat black wattle tannins, heterocyclic ether
bonds first open because of the relative stability of the connecting bonds between
units. Then, sulfonate is added to C-2. In this situation, tannin molecules are
negligibly degraded.
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The reaction of 5,7-dihydroxy proanthocyanidins with sulfite ions under normal
pH conditions proceeds through the cleavage of the interflavonoid bond with the
formation of flavan-4- or proanthocyanidin-4-sulfonates, as indicated by the
scheme shown in Figure 6.

Figure 6.
Sulfonation of tannins.

Sulfonated products can be obtained from phloroglucinolic tannins without the
opening of the etherocyclic ring because interflavonoid bonds are easily cleaved.
Flavan-2,4-disulfonates are also formed readily.

The involvement of interflavonoid bond cleavage in the sulfonation of phloro-
glucinolic condensed tannins affects the utilization of these tannins because their
molecular weights can be tailored to suit their applications such as wood adhesives.
Additionally, sulfonation affords tannins with reduced viscosity and increased
solubility through the following mechanisms:

1. The elimination of the water-repellent etherocyclic ether group.

2. The introduction of the hydrophilic sulfonate group and another hydroxyl
group.

3.The reduction in polymer rigidity, steric hindrance, and intermolecular hydro-
gen bonding through the opening of the etherocyclic ring.

4.The hydrolysis of hydrocolloid gums and interflavonoid bonds under acidic
conditions.

However, sulfonation may be disadvantageous because sulfonate groups
promote sensitivity to moisture and thus aggravate the deterioration of adhe-
sive. This problem could be solved through desulfonation. The desulfonation
of 2,4,6-trihydroxybenzyl sulfonic acid and sodium epicatechin-(4)-sulfonate
is a facile reaction under mild alkaline conditions (i.e., pH > 8.0 and ambi-
ent temperature). Hydroxyl benzyl sulfonic acids with resorcinol or phenol
functionalities resist desulfonation at a pH value of 12 and a temperature of
90°C. Therefore, sulfonation not only reduces molecular weight while improving
the viscosity and solubility of tannin resin adhesives but also prevents sulfonic
acid functionalization and affords aldehyde condensation products that are
insoluble in water [24].

5. Applications
Tannin resin adhesives can be cured under high heat (thermosetting) or at room

temperature (coldsetting) [25]. Thermoset tannin resin adhesives are used in the
preparation of plywood, particleboard, wood preservation resin, and impregnated
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resin, among other wood composites. Coldset tannin resin adhesives are used to
manufacture glulam, laminating veneer lumber, and finger joints.

5.1 Application of thermoset tannin resin adhesives in glued wood products
5.1.1 Plywood

Tannin resin adhesives are used to prepare plywood (Figure 7). However, adhe-
sives manufactured with conventional formulations and technology fails to meet
the requirements set for the exterior plywood adhesive. Thus, tannin resin adhe-
sives must be modified by mixing them with other synthetic resins or organic or
inorganic modifiers and by optimizing resin synthesis parameters and hot-pressing
conditions. Additives can effectively solve the problems of tannin resin hydropho-
bicity and formaldehyde release and can improve the physical and mechanical prop-
erties, especially weather resistance, of the final wood products. Plywood products
assembled with modified tannin resin adhesives meet the demand of exterior-grade
plywood, have better properties than plywood assembled using phenolic resin, and
have a certain commercial potential [26-30].

5.1.2 Particleboard

The use of tannin resin adhesives in particleboard production has been accepted
in many countries and is used in the manufacturing of industrial particleboard
in many countries except in Asian countries. For example, mimosa tannin resin
adhesives are used in industrial particleboard manufacture in South Africa and
South America (Figure 8).

Although tannin resin adhesives have been successfully used for the production
of interior and exterior particleboards, the synthesis processes and formulas of
tannin resin are drastically different [31]. Generally, tannin resins polymerized with
formaldehyde have higher weathering resistance than those polymerized with other
nontoxic and nonvolatile aldehydes in accordance with the reactivity of tannin.
Particleboards manufactured using tannin resin adhesives with formaldehyde
contents that have been partially or completely replaced with acetaldehyde have
very low formaldehyde emission or even free from formaldehyde release and have
mechanical properties that meet the requirements of interior-grade application
[32]. At the same time, particleboards prepared with tannin resin synthesized via an
aldehyde-free process can also meet the requirements of interior-grade applications
[33]. An appropriate amount of paraformaldehyde or curing agent must be added
to increase the weathering resistance of particleboards prepared with tannin resin

Figure 7.
Tannin vesin adhesives for plywood manufacturing: (a) profile image; (b) wood failure.
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Figure 8.
Tannin vesin adhesives for manufacturing particleboard.

adhesives. Sometimes phenolic resin is also mixed with tannin resin. The properties
of particleboards produced with 60% tannin resin still meet the requirements of
exterior-grade application [34].

Tannin resin adhesives for particleboard production have high requirements
for curing agents. Different types of tannin resin adhesives require different
curing agents. The performances of tannin, i.e., tannin structure and curing agent
selection, and the properties of the particleboard will be affected by hot-pressing
conditions, including pressing temperature, time, and pressure. Selecting an
appropriate curing agent can accelerate tannin resin curing, reduce formaldehyde
emission, and most importantly, can ensure that the performances of the particle-
board meet exterior-grade application requirements [35]. Kim et al. found that the
reactive speeds of tannin resin adhesives for black wattle tannin followed the order
of paraformaldehyde > hexamine > trinitromethane, whereas those for pine tannin
followed the order of hexamine > paraformaldehyde > trinitromethane [36].

Additionally, modified tannin resin can be used to prepare particleboards from
different sources, such as wheat straw [37], rice husk [38], cashew nut shell [39],
and chestnut shell [40]. The elastic moduli, internal bonding strength, and water-
absorbing thickness swelling of the prepared particleboards meet the requirements
of European standards.

5.1.3 Wood preservation

Wood preservation is vital for protecting wooden products. Traditional
approaches for wood preservation include the treatment of wood with various
chemical agents to prevent attack by different organic microorganisms and insects.
Although traditional wood preservatives confer good effects and strong durability,
they inevitably introduce various other problems, such as environmental pollution
and carcinogenic effects. Tannin is a natural fungicide and good preservative that
can be used to prevent fungal and bacterial damage [41]. Most plant pathogens
secrete enzymes that degrade cellulose and lignin. Tannin can effectively inhibit the
activity of these enzymes and prevent the proliferation of pathogens by complexing
with protein [42]. Pizzi and Conradie confirmed that the antifungal activity of wood
treated with flavonoid tannin resins is twice as intense as that of neat wood [43].
Additionally, veneer treated with tannin resin modified with a small amount of boric
acid avoided the fungal attack and exhibited high durability, mechanical strength,
and fire resistance because tannin and boric acid can simultaneously inhibit bacterial
and fungal growth (Figure 9). Meanwhile, the fixation of boric acid in wood with
tannin resin and hexamine prevented loss and exerted a good preservative effect that
met the requirements of the European standard EN 113 [44-46].

11
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Figure 9.
Tannin vesin adhesives for wood preservation.

5.1.4 Wood-impregnated paper

Melamine formaldehyde resin has been widely used in the decorative impreg-
nated paper industry. The addition of small amounts of urea can drastically
cut costs without affecting performance. Melamine resin-impregnated paper is
widely used for the production of laminated wooden floors and panel furniture
overlays [47]. Phenolic resin-impregnated paper has limited applications in the
production of floor and furniture panels owing to its black color, but it is widely
accepted and popular in some particular applications, such as the impregnation
of architectural template veneer paper, owing to its good adhesive property and
high strength [48].

The flavonoid phenol structure and properties of tannin are similar to those
of phenols. Therefore, there are no theoretical constraints for using tannin resin
in paper impregnation. Abdullah et al. [49, 50] synthesized a low-viscosity tannin
resin, which was used to impregnate paper with a glue amount of 172 g/m” and
hot-pressed on wood-based panel substrates. The final overlay paper exhibited
a very smooth surface, high wear resistance, scratch resistance, and water steam
resistance. The performances of the optimized overlay paper were even superior
to those of overlay paper impregnated with MUF resin (Figure 10). Similar to
phenolic resins, overlay paper impregnated with tannin resin has potential use in
template production.

5.1.5 Fiber: veneer composites

Natural fiber composites have been developed to overcome the limitations asso-
ciated with petrochemical resources. They have extensive prospective applications
in the automobile and aerospace industries because their raw materials are derived
from biomass and they possess unique characteristics. Fibers impregnated with

Figure 10.
Overlay paper impregnated with (a) tannin vesin; (b) MUF resin.
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Figure 11.

(a) Tannin vesin impregnated fiber; (b) laminated composite with tannin vesin impregnated fiber; (c) wood
composites with veneer and tannin vesin impregnated fiber; (d) tannin vesin impregnated fiber overlay on the
particleboard.

tannin resin can be used to synthesize different types of fibers or wood-based fiber
composites (Figure 11). These composites possess high elastic moduli and tensile
strength and good water-absorbing expansibility [51-54].

5.1.6 Other wooden panels
In addition to wooden panels, medium density fiberboard [55], oriented strand
boards [56], wafer boards [57], container boards [58], and other furniture panels
[59] could be prepared with tannin resin adhesives.
5.2 Application of coldset tannin resin adhesives in glued wood products
Adhesives for finger joint lumber and glulam must meet high standard

requirements because of the rigorous application environment of these materi-
als (Figure 12). These adhesives must possess high mechanical strength and

Figure 12.
Coldset tannin vesin adhesives for wooden product application: (a) glulam; (b) laminates.
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weather resistance. Acacia tree tannin has been widely used to prepare low-
temperature curing resin adhesives for finger joint and laminated veneer lumbers
[60]. Acacia tannin resin adhesive has a low curing temperature and excellent
bonding performance. Additionally, the cost of acacia tannin is lower than that
of phenol resorcinol formaldehyde resin. The performance and cost of tannin-
resorcinol-formaldehyde resin adhesives must be balanced. The tannin content of
such adhesives could reach up to 95% after optimization. The polymerization of
resorcinol units is replaced by that of a large number of flavonoid tannin natural
phenol units. Resin adhesives with high tannin contents can be cured at room
temperature, can exhibit good performances, and can be used to produce veneer
and finger joint lumbers and glulam [61, 62]. Other nonvolatile or nontoxic
aldehydes, such as glyoxal and glutaraldehyde, are also used to synthesize coldset
tannin resin adhesives to effectively reduce the problem of formaldehyde release.
Although only a small amount of paraformaldehyde is used to cure tannin resin
adhesives, the prepared wooden products demonstrate good mechanical strength
and water resistance [63].

6. Conclusions

Tannin has significant application prospects as a promising natural phenolic
polymer. However, this raw material continues to exhibit limitations, such as
reactivity, high viscosity, short pot life, and poor weather resistance, among others.
Future works must address these problems. Research on tannin resin adhesives
should focus not only on wood panels but also on other advanced wooden compos-
ites. In addition, the industrialization of tannin resin adhesives in the field of wood
manufacturing field is necessary.
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