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FOREST SCIENCES (CIÊNCIAS FLORESTAIS)

ABSTRACT: This study evaluated the quality of plywood panels bonded with adhesives produced with tannins from the bark of 
Acacia mangium Wild. trees and compared their bonding performance with commercial adhesive formulations. Crude hot-water 
extract from the bark of A. mangium was employed to synthesize the adhesive formulation for plywood bonding. Twelve plywood 
panels with five layers were produced, four with each type of adhesive. Static bending strength, modulus of elasticity, modulus 
of rupture and Janka hardness were evaluated. Water absorption percentages were determined after immersion for 2 and 24 
hours. Regarding mechanical properties, there was no statistical difference among the adhesive based on A. mangium and the 
commercial formulations. However, based on the water absorption results, plywood panels bonded with A. mangium tannins were 
found to be suitable only for indoor uses due to higher absorption compared to the other adhesives.
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Colagem de compensados com adesivo à base de taninos
de Acacia mangium Wild. cultivada no Nordeste do Brasil

RESUMO: O presente trabalho teve como objetivo avaliar a qualidade de painéis compensados colados com taninos da casca 
de Acacia mangium Wild., comparando o desempenho de colagem com dois adesivos comerciais. Extrato bruto da casca de A. 
mangium obtido com água quente foi utilizado na síntese de uma formulação adesiva. Doze painéis compensados de 5 lâminas 
foram produzidos, quatro painéis por adesivo. A resistência à flexão estática e o módulo de elasticidade foram determinados e 
também a dureza Janka. Foram obtidas a porcentagem de absorção de água após 2 e 24 horas de imersão. Com relação às 
propriedades mecânicas, não houve diferença estatística entre o adesivo produzido com taninos de A. mangium e os adesivos 
comerciais. Entretanto, tendo como base os resultados de absorção de água, os painéis colados com taninos de A. mangium 
são indicados para uso interno em função da sua alta absorção. 

Palavras-chave: propriedades físico-mecânicas; adesivos renováveis; painéis de madeira
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Introduction
The Brazilian wood products market has experienced 

significant growth due to the establishment of new factories 
and modernization of existing ones, along with an efficient 
forest research program. During the last three decades, 
issues associated with environmentally friendly products and 
sustainability of forest activity have driven research in this 
area. In this respect, the search for wood products made with 
renewable raw materials has increased considerably (Ösbay & 
Ayrilmis, 2015). Within this search, wood adhesives produced 
from natural substances are of significant relevance, since 
most of the formulations used for bonding wood products 
come from fossil resources (Zhou & Pizzi., 2014). Vegetable 
tannins, condensed tannins or simply tannins are chemicals 
composed of polyphenols classified in two types, hydrolysable 
and condensed. Condensed tannins account for over 90% of 
global production (Durval et al., 2017) and henceforth they 
will be referred to only as tannins.

Tannins are employed in several industrial applications, 
such as leather tanning, plastic production, oil well drilling, 
water treatment (Nepomuceno et al., 2018), paint and 
pharmaceutical manufacture (Carvalho et al., 2018), including 
fungicides and products to kill cariogenic bacteria (Araújo 
et al., 2018), and wood adhesive production (Hoong et al., 
2011; Zhou & Pizzi, 2014). Researchers are unanimous in 
stating that tannin-based adhesives can replace synthetic 
ones for bonding of wood products. Among the tannins used 
to synthesize commercial adhesives, those from black wattle 
(Acacia  mearnsii De Wild.) are by far the most popular. In 
Brazil, the planting of black wattle in large forest stands is 
restricted to the southern region, where the species is best 
adapted and satisfactory growth rates are achieved (Hillig 
et al., 2002). The area planted with black wattle in Brazil is 
around 170,000 hectares, which makes it the largest producer 
of the tree in the world (Chan et al., 2015).

Acacia mangium Wild. is native to Malaysia. It and 
Acacia  auriculiformis A. Cunn. ex Benth. are the two most 
planted species of this genus. Acacia mangium alone is grown 
on more than 600,000 hectares of planted forests in the 
world, providing wood as raw material for pulp and paper, 
low-cost furniture, civil construction, plywood and firewood 
(IPEF, 2020). The species has fast growth rate, low nutritional 
requirements and high nitrogen fixation rate, as well as 
tolerance to acidic soils and compaction, characteristics that 
result in high production of biomass per hectare and input 
of nutrients via litter where the tree is grown (Balieiro et al., 
2004). For these reasons, the species is recommended for 
restoration of degraded areas and use for windbreak and 
shading in agroforestry and other types of forest management 
systems (IPEF, 2020). In Brazil, the planting of Acacia mangium 
is expanding steadily due to its good adaptability to the variable 
edaphoclimatic conditions of the country. However, despite 
producing good quality wood, Acacia mangium is mainly used 
as firewood, although it can be employed to produce wood-
cement boards. Acacia mangium bark contains sufficient 

tannins to enable the production of adhesives (Hoong et al., 
2009), though the content can vary from one planting site to 
another and with the time of the year the tannins are extracted 
(Paes et al., 2010). The tannin content in the bark depends on 
the trees’ origin. So, research is needed to define the tannin 
content in the species’ bark according to the growing site and 
assess the technical feasibility of producing adhesives, since 
this kind of tannin has recognized acceptance worldwide.

The present study aimed: to evaluate the tannin content 
in Acacia mangium bark from trees grown in Northeastern 
Brazil; to assess the technical viability of employing tannins 
from Acacia mangium bark to produce adhesive formulations 
for plywood panel bonding; and to compare the bonding 
performance of Acacia mangium tannins with two types of 
commercial adhesives, one based on black wattle tannins and 
the other a phenol-formaldehyde resin.

Materials and Methods
Trees and bark collection

Thirty trees were harvested from a four-year-old Acacia 
mangium plantation (planting spacing of 3.0 m x 2.0 m) 
located in the municipality of Macaíba, Rio Grande do Norte 
state, Brazil. The local climate has Köppen classification of 
transition from tropical to dry savannah (transition from As 
to BSw), with average temperature of 27 °C, maximum of 32 
and minimum of 21 °C, average relative humidity of 76% and 
annual rainfall varying from 864 to 1,071 mm (IDEMA, 2013). 
After harvesting, the trees were debarked and the collected 
material was stored in plastic bags. Samples were used to 
determine the moisture content. Then, the material was placed 
in a climate-controlled room at 25 °C and relative humidity of 
65% for drying until reaching moisture equilibrium, around 12 
- 15%. After 25 days, the bark was ground in a forage crusher 
equipped with a 2 mm sieve.

Tannin extraction and qualification
For tannin extraction, a proportion (mass/mass) of distilled 

water and bark equal to 1:10 was employed. The material 
was placed in a 12 L stainless-steel pan inside a laboratory 
autoclave at a temperature of 120 °C for 1 hour. The extraction 
was carried out two times for each of 10 bark batches with 1 kg 
of dry bark per batch. For all batches, the extract was filtered 
to eliminate fine particles. The extracts were put together 
to form a composite sample and then placed in stainless-
steel trays, which were left in a solar oven until complete 
evaporation of water. After that, the powder was ground with 
a porcelain mortar and pestle and sieved to granulometry of 
60 mesh. This material was used for later formulation of the 
adhesive. Before evaporation, 50 mL aliquots of the crude 
extract were retrieved to determine the total solids content 
(TSC), Stiasny number (SN) and condensed tannins content 
(CTC), with four replicates for each parameter.

To measure the CTC, the 50 mL aliquots of the crude 
extract were oven dried at 60  + 2  °C and their total solids 
content (TSC) was calculated by using Equation 1. 
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where: TSC - Total solids content in 50 mL of crude extract (%); 
M1 - initial mass of crude extract (g); M2 - final mass of solids 
after evaporation (g).

To obtain the total condensed tannins content (TTC), first 
the Stiasny number was determined in the extracts by the 
method described by Guangcheng et al. (1991), with four 
replications. For this, 4 mL of formaldehyde (37% m/m) and 1 
mL of concentrated hydrochloric acid were added to 50 mL of 
crude extract. The mixture was kept under reflux for 30 min. 
After this time, the mixture was cooled and filtered and the 
solids were oven dried at a temperature of 60 + 2 °C for 48 h. 
The dried material was weighed and the Stiasny number was 
calculated by Equation 2.

Before this, the wood plies were oven dried until reaching 
final moisture content of 8%. Only plies without any defects 
(cracks, knots, stains, etc.) were employed to produce 
the panels. Twelve panels were manufactured, four with 
adhesives based on tannins from Acacia mangium bark, four 
bonded with a commercial adhesive made of tannins from 
black wattle (Acacia mearnsii) bark (Phenotan™ M, TANAC, 
Montenegro, RS, Brazil) and four bonded with a commercial 
phenol-formaldehyde adhesive (GPC, Curitiba, PR, Brazil). All 
adhesives were spread on only one side of each cross band 
in a quantity of 320 g cm-2. An assembly time of 15 min was 
applied. After assembly, the panels were pressed at 150 °C for 
10 min in an electrically heated hydraulic press at a pressure 
of 1.0 MPa. After manufacture, the panels were conditioned 
in a climate-controlled room at a temperature of 20 + 2 °C and 
relative humidity of 65  +  5% until reaching the equilibrium 
moisture content of 12%. Then the panels were trimmed, 
sanded and test specimens were obtained according the 
specifications of the standard NBR CB 31 (ABNT, 2001).

Plywood quality evaluation
Water absorption

The water absorption evaluation was performed by 
immersing the test specimens in water at room temperature 
and measuring their weight after 2 and 24 hours, according to 
the procedures described in NBR-9486 (ABNT, 1986b).

Mechanical properties
The mechanical properties evaluated were glueline shear 

strength, Janka hardness and static bending, according the 
procedures of the respective ABNT standards, NBR 9534 (ABNT, 
1986c), NBR 14810 (ABNT, 2006), NBR 9433/86 (ABNT, 1986a). 
From the static bending strength, modulus of elasticity (MOE) 
and modulus of rupture (MOR) were obtained.

Statistical analysis
All statistical analyses of the experimental data were carried 

out using the software BioStat. First, to check the normality 
and homogeneity of the data, the Shapiro-Wilk test was 
employed. When the experimental data had nonparametric 
distribution, the Kruskal-Wallis test was applied. For all cases, 
means from experimental treatments were compared using 
the Tukey test at 95% probability.

Results and Discussion
The condensed tannins content (Table 1) of the Acacia 

mangium bark was 13.5%, below the values in the range of 
30 to 47% reported in the literature for black wattle (Gujrathi 
& Babu, 2007). Nevertheless, according to Paes et al. (2010), 
forest species with CTC higher than 10% in their bark or wood 
have potential for production of tannins, so considering that 
Acacia mangium is usually planted in Brazil for restoration 
of degraded areas and the only use for the trees after 
harvesting is as inexpensive firewood, previous debarking of 
the harvested trees for tannins production before their use for 

M1 M2TSC 100
M1
− = ⋅ 

 

M2N 100
M1

 = ⋅ 
 

where: N - Stiasny number (%); M1 - mass of solids in 50 
mL of crude extract (g); M2 - mass of tannin-formaldehyde 
precipitate (g).

With the Stiasny number, the condensed tannins content 
was calculated by using Equation  3 and is reported as 
percentage of dry weight of bark.

TST ITTC
100

⋅
=

where: CTC - condensed tannins content (%); TSC - total solids 
content (%); N - Stiasny number (%).

Preparation of the tannin-formaldehyde adhesive 
formulation

In a reaction flask, 360 g of tannins, 40 g of paraformaldehyde 
and 400 mL of distilled water were mixed and heated to 50 °C. 
Aliquots were taken from time to time to assess the viscosity. 
The mixture was kept under continuous stirring (500 rpm) until 
reaching a target viscosity equal to 900 cP. The adhesive was 
synthesized with a predicted final solids content of 50%. The 
following adhesive properties were determined: pH, viscosity, 
gel time and solids content. Viscosity was determined with a 
Brookfield viscometer, according to the procedures described 
in the ASTM  D1084 standard (ASTM, 1997). Gel time was 
measured in a Marconi MA560 gel timer with a glass tube 
dipped in glycerin at 120 °C. Solids content was determined 
according to the procedures of the ASTM D1490-01 standard 
(ASTM, 2006).

Plywood bonding
To manufacture the plywood panels, industrial rotary 

peeled plies of Pinus sp. with dimensions of 300  mm x 
300 mm x 2 mm (length, width and thickness) were used 
to compose 5-layer panels with final thickness of 10 mm. 

(1)

(2)

(3)
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energy generation can be an alternative to increase income 
per planted area. Assessing the bark of Anandenanthera 
colubrina (Vell.). Brenan., Paes et al. (2010) found a CTC equal 
to 13.95%. Also, Azevêdo et al. (2017) determined CTC in 
the range of 16.04 to 21.90% for Mimosa  tenuiflora (Mart.) 
Benth. bark. However, these native species, when used in 
forestation or reforestation, grow much slower than Acacia 
mangium, a factor to be considered in the choice of species to 
be employed for restoration of degraded areas. If the tannins 
production from the bark is added to the end uses of the 
wood, the investments can have excellent amortization rates.

Properties of adhesives
The adhesives’ properties are displayed in Table 2 

together with the statistical comparison for each property. 
Despite being projected to reach solids content of 50%, the 
experimental value was 47.3% for the adhesive prepared 
with tannins from Acacia mangium bark. The commercial 
adhesives, tannin-based and phenol-formaldehyde, had solids 
contents of 46.0 and 52.3%, respectively. These values are 
statistically different from each other, but as will be discussed 
shortly, the differences among the adhesives regarding solids 
content most likely are not directly related to variation in the 
bonding performance.

Using a similar method as ours, Carvalho et al. (2016) 
assessed an adhesive based on Acacia mangium bark tannins 
and found solids content of 47.9%, which is very close to the 
value determined here. The solids content closely reflects 
the percentage of reactive material able to be crosslinked by 
formaldehyde, the linking agent. 

However, the viscosity tends to increase undesirably as 
that property increases beyond a certain point, which can 
hamper the application of the adhesive by preventing both 
spreading and penetration into the wood structure. The higher 
value of solid contents observed for the phenol‑formaldehyde 
adhesive can be considered normal and within standard 
values for this type of adhesive. Usually, the solids content of 
the adhesives employed in plywood bonding are around 48% 
for phenolics, 50 to 55% for urea-formaldehyde and 50% for 
tannin-based ones (Pizzi, 1994).

Likewise, the viscosity followed the same pattern 
observed in the statistical comparison of solids content, in 
ascending order of black wattle, Acacia mangium and phenol-
formaldehyde adhesives, with respective values of 663, 2,169 
and 5,456 cP. Usually, as pointed out above, high viscosities are 
undesired for application of adhesive formulations (Mori  et 
al., 2001) because of the weak glueline. Nevertheless, this 
pattern was not observed in the present work, even with the 
high values presented by the phenol-formaldehyde and black 
wattle adhesives. The adhesive from Acacia mangium bark had 
low viscosity in comparison with the commercial adhesives, 
which is interesting in terms industrial-scale production since 
no treatments to decrease this property (such as sulfitation) 
would be required.

Concerning gel time, according to Pizzi (1994) this property 
is a direct measure of the reactivity of the adhesive, which can 
result in lower pressing times at the same curing temperature. 
For this property, the adhesive based on black wattle tannins 
had the lowest value, of 135 s, followed by Acacia mangium 
and phenol-formaldehyde with 240 and 787 s, respectively. 
Although having the lowest viscosity of all, the black wattle-
based adhesive was the most reactive. Regarding pH, despite 
being statistically different, the values found for both tannin-
based adhesives were distant from each other, with 4.18 and 
5.60 for the adhesives from black wattle and Acacia mangium, 
respectively. The phenol-formaldehyde adhesive presented 
typical alkaline pH. According to Zhang et al. (2010), the pH 
of adhesives for wood bonding should be carefully evaluated, 
since very acidic adhesives can create a corrosive environment 
along the glueline that might contribute to panel degradation.

Plywood quality evaluation
The shear strength assay has the goal of assessing the 

mechanical resistance of the glueline and consequently the 
bonding quality. As displayed in Table 3, there was no statistical 
difference among the three types of adhesives regarding the 
shear strength. 

Even though the value found for the phenol-formaldehyde 
adhesive was higher than the others, there was no statistical 
difference among them, which is beneficial considering that 
in the formulation with Acacia mangium bark extract, the 
tannins were used without any type of chemical treatment 
after hot-water extraction. When performing mechanical 
assays with 3-ply panels bonded with adhesives based on 
tannins from Pinus oocarpa bark, Silva et al. (2012) found 
average value of 1.72 MPa for shear strength, a result higher 
than that observed by us for the three types of adhesives. The 

Table 1. Total solids content (TSC), Stiasny number (I) and 
condensed tannins content (CTC) determined for the Acacia 
mangium bark.

*Means in columns followed by different letters are statistically dissimilar by the Tukey test at 95% probability.

Table 2. Statistical comparison of adhesive properties.
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high coefficient of variation presented by the A. mangium 
tannin-based adhesive are likely related to the fact that the 
raw extract was employed directly for wood bonding without 
any adjustment or pretreatment. According to Pizzi (1994), 
to reach high-performance in wood bonding, the raw extract 
should be submitted to sulfitation or other treatments.

Analyzing adhesives made of black wattle tannins, 
Goulart et al. (2012) determined shear strength of 2.02 
MPa. With tannins from Acacia mangium fortified with 
phenol‑formaldehyde resins, Hoong et al. (2009) obtained 
shear strengths of 1.86 and 2.01 MPa, when 10 and 20% of 
the synthetic adhesive were added. Such differences of shear 
strength results mostly likely are due to differences of bonding 
conditions (pressing and gel time), type of wood and also 
assembly time. According to Lima et al. (2011), variations of 
these factors are decisive for the bonding performance and 
consequently the shear strength, with special consideration to 
the assembly and gel times (Nascimento et al., 2013). 

However, all three adhesives tested here had shear strength 
compatible with values reported in the literature, higher than 
1.0  MPa, which is the minimum required by the European 
standard EN 314-2 (ECS, 1993) regardless of wood failure 
assessment. Table 3 also displays the mean values obtained for 
Janka hardness, which is an important property to define the 
final use of plywood panels. Hardness is of practical interest 
for hardboard, super hardboard and other panels, especially 
when they are used as flooring components. The hardness 
values obtained in the present work are in accordance with 
the values required for these types of products cited by 
Kollman et al. (2013).

Table 4 presents the values for perpendicular and parallel-
to-grain modulus of elasticity (MOE) and modulus of rupture 
(MOR) for plywood panels bonded with the three types of 
adhesives.

Concerning the static bending assay, panels bonded with 
adhesive based on Acacia mangium tannins performed better 
than that made from black wattle tannins and equal to the 
phenol-formaldehyde adhesive for perpendicular MOE and 

MOR. The same pattern was observed for the parallel-to-grain 
MOE. However, there was no statistical difference among 
the three adhesives regarding the parallel‑to‑grain MOR. 
Indeed, for all perpendicular and parallel-to-grain MOE and 
MOR values, there was no statistical difference between the 
adhesives based on Acacia mangium tannins and the phenol-
formaldehyde formulation. 

According to the experimental results, plywood bonded 
with Acacia mangium tannins were more rigid and less 
elastic than the panels bonded with the other adhesives. In 
a study carried out by Carvalho  et  al.  (2016) to assess the 
bonding performance of natural and synthetic adhesives, the 
authors observed mean values of 20.91 and 38.17 MPa for 
the perpendicular and parallel-to-grain MOR, respectively, for 
plywood bonded with Acacia mangium tannins. For the MOE, 
the values found by the same authors were 1,389 and 3,819 
MPa in the perpendicular and parallel-to-grain directions, 
lower than those determined in the present work. In the 
same study, those authors assessed plywood panels bonded 
with adhesives based on tannins from Stryphnodendron 
adstringens (Mart.) Coville bark and found a value of 46.03 
MPs for the parallel-to-grain MOR, which is lower than that 
found in the present work.

In an investigation of the quality of plywood panels 
manufactured with Pinus oocarpa Schiéde wood bonded with 
phenol-formaldehyde adhesive, Iwakiri et al. (2012) obtained 
values of perpendicular-to-grain MOE and MOR of 3,674 and 
47,4 MPa, respectively, while for the same parallel-to-grain 
properties they found respective values of 7,079 and 61.7 
MPa. Those values are superior to those found in the present 
work. The difference might be related to the type of wood 
used or the bonding conditions.

Table 5 reports the values of water absorption after 2 and 
24 hours for plywood panels bonded with the three types of 
adhesives.

After both immersion times, the percentage of water 
absorption was lower for the plywood panels bonded with the 
phenol‑formaldehyde adhesive, followed by the formulations 

Table 3. Statistical comparison of shear strength and Janka hardness of plywood panels bonded with three types of adhesives.

*Means in columns followed by same letters are statistically equal by the Tukey test at 95% probability.

*Means in columns followed by different letters are statistically dissimilar by the Tukey test at 95% probability.

Table 4. Statistical comparison of perpendicular and parallel-to-grain modulus of elasticity (MOE) and modulus of rupture 
(MOR) of plywood panels bonded with three types of adhesives.
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with black wattle and Acacia mangium tannins. Despite this 
trend, there was no statistically significant difference among 
the three types of adhesives for both water absorption times. 
The higher values of water absorption observed for tannin-
based adhesives can be attributed to the higher amount of 
hydroxyl groups per molecule, which makes the hydrophilic 
character of the formulations stronger. 

Carrying out water absorption assays with panels bonded 
with adhesives based on black wattle tannins, Carvalho et al. 
(2016) determined values of 91.4% after 2 hours of immersion, 
significantly higher than the value found in this work for the 
adhesive based on tannins from Acacia mangium bark. The 
water absorption of the latter adhesive is coherent with the 
values found in the literature.

Conclusions
The yield of condensed tannins from the Acacia mangium 

bark was less than 50% of that usually cited for black wattle 
bark.

Considering that Acacia mangium is extensively planted in 
Northeastern Brazil for restoration of degraded areas, and the 
only economic use of the wood after harvesting is firewood, 
further research should evaluate whether prior debarking of 
the logs is an alternative to add value to the trees.

The crude hot-water extract of Acacia mangium bark 
was employed to produce adhesive without any chemical 
modification.

Regarding mechanical properties, the use of the 
adhesive based on tannins from the bark of Acacia mangium 
trees grown in Northeastern Brazil presented acceptable 
performance for plywood bonding, with quality similar to or 
better than adhesives made with black wattle tannins and 
phenol-formaldehyde.

However, when water absorption of the produced panels 
is considered, the plywood bonded with Acacia mangium 
tannins are suitable only for indoor uses.
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