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Abstract

Tannins from Myrcia splendens from the Amazon rainforest were used for the first time in the formulation of a urea-tannin-
formaldehyde (UTF) resin. The objective was to evaluate the effect of different tannin proportions on the glue line
performance in Pinus sp. woods, glued with UTF adhesive. The tannins were extracted in a water bath, using 1500 mL of
water and 100g of dry bark (liquor/bark 15:1), with addition of 3% Na,SOs, at a temperature of 70 °C for three hours. The
adhesives formulations were based on the gradual replacement of mass of the urea-formaldehyde (UF) adhesive by tannin
powder, totalizing four compositions and one control treatment. UTF adhesives were evaluated for their physicochemical
properties, shear bond strength (wet and dry) and wood failure. The addition of M. splendens tannins to the urea formaldehyde
adhesive promoted an increase in glue line strength. The proportion of 5.0% of tannins proved to be ideal in the formulation of
the UTF adhesive, considering all the parameters evaluated. Thus, this study proves the potential use of Amazonian tannins
from Myrcia splendens in the partial composition of more sustainable UTF adhesives.

Keywords: Urea-tannin-formaldehyde; Copolymerized adhesives; Glue line; Amazonian vegetal tannins.

Resumo

Os taninos de Myrcia splendens da Floresta Tropical Amaz6onica foram usados pela primeira vez na formulacéo de uma resina
de urea-taninos-formaldeido (UTF). O objetivo foi avaliar o efeito de diferentes proporcdes de taninos no desempenho da linha
de colagem em madeiras de Pinus sp. coladas com adesivo UTF. Os taninos foram extraidos em banho-maria, utilizando 1500
mL de agua e 100g de casca seca (licor/escamas 15:1), com adi¢do de 3% de Na,SOs, a uma temperatura de 70 °C durante trés
horas. As formulacGes dos adesivos foram baseadas na substituicdo gradual da massa do adesivo urea-formaldeido (UF) por p6
de tanino, totalizando quatro composicGes e um tratamento de controle. Os adesivos UTF foram avaliados por suas
propriedades fisico-quimicas, resisténcia ao cisalhamento (Umido e seco) e falha da madeira. A adi¢cdo dos taninos de M.
splendens ao adesivo de uréia formaldeido promoveu um aumento na resisténcia da linha de cola. A proporcéo de 5,0% de
taninos provou ser ideal na formulacdo do adesivo UTF, considerando todos os pardmetros avaliados. Assim, este estudo
comprova o uso potencial dos taninos amazénicos de M. splendens na composi¢do parcial de adesivos UTF mais sustentaveis.
Palavras-chave: Urea-taninos-formaldeido; Adesivos copolimerizados; Linha de cola; Taninos vegetais amazonicos.
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Resumen

Los taninos de Myrcia splendens de la selva amazdnica se utilizaron por primera vez en la formulacion de una resina de urea-
tanino-formaldehido (UTF). El objetivo era evaluar el efecto de diferentes proporciones de taninos sobre el rendimiento de la
linea de encolado en maderas de Pinus sp., encoladas con adhesivo UTF. Los taninos se extrajeron en un bafio de agua,
utilizando 1500 mL de agua y 100g de corteza seca (licor/corteza 15:1), con adicion de 3% de Na,SOs, a una temperatura de 70
°C durante tres horas. Las formulaciones de los adhesivos se basaron en la sustitucién gradual de la masa del adhesivo de urea-
formaldehido (UF) por polvo de tanino, totalizando cuatro composiciones y un tratamiento de control. Se evaluaron las
propiedades fisicoquimicas de los adhesivos UF, la resistencia a la cizalladura (en himedo y en seco) y el fallo de la madera.
La adicién de taninos de M. splendens al adhesivo de urea formaldehido promovié un aumento de la resistencia de la linea de
pegado. La proporcidn del 5,0% de taninos resultd ser ideal en la formulacidn del adhesivo UTF, teniendo en cuenta todos los
paradmetros evaluados. Por lo tanto, este estudio demuestra el uso potencial de los taninos de Myrcia splendens del Amazonas
en la composicion parcial de adhesivos UTF mas sostenibles.

Palabras clave: Urea-tanino-formaldehido; Adhesivos copolimerizados; Linea de pegado; Taninos vegetales amazonicos.

1. Introduction

Wood-based panels are produced from the reconstitution of wood fibers, particles or veneers with formaldehyde-
based resins, under specific heat and pressure conditions. These products are targeted for non-structural and structural uses,
such as furniture, common housewares, cabinets, frames, doors, floors, "I" beams, and trusses (Santos et al., 2020; Ang et al.,
2019).

Despite the global economic slowdown scenario, the production of reconstituted wood panels was approximately
176.7 million m® in 2019, remaining relatively stable by decreasing only 0.2% from the previous year (Brazilian Tree Industry
2020). Associated with the high demand for wood panels is the expressive consumption of synthetic adhesive. The urea-
formaldehyde (UF) resin is the most consumed and according to Dorieh et al. (2019) more than 80% of the world's composite
industries use UF in their products, due to the low cost compared to other synthetic resins and good adhesion properties.

However, commercial resins have some disadvantages related to price fluctuations, formaldehyde emission and
environmental pollution (Shirmohammadli et al., 2018), this is because, when formulated, they depend on non-renewable
petrochemical resources (Li et al., 2020), as for the release of formaldehyde to the environment, it can occur during and after
the production of wood panels (Ferreira et al., 2019). The post-production release is currently ranked as the main
environmental problem associated with wood panel adhesives derived from fossil resources (Araujo et al., 2021), due to the
high threat to human health. Constant inhalation of formaldehyde can cause damage to the respiratory and nervous system,
eyes, and even lead to cancer and leukemia (Tang et al., 2011). These issues have encouraged the use of alternative chemicals
to replace all or part of the petrochemical components of synthetic resins (Jia et al., 2020), especially if the change promotes
reduced formaldehyde emissions and improves the adhesive's performance in this regard (Zhao et al., 2018).

In this context, tannins have shown high efficiency, for having a favorable chemical composition for the formulation
of adhesives with low formaldehyde emission. Moreover, tannins gain prominence for being a renewable resource obtained
from different parts of some trees, especially the bark. The ability of tannins to reduce formaldehyde emission, stems from the
high reactivity with this volatile compound (Pizzi, 2008; Xi et al., 2019). Thus, when some percentages of tannins are added to
synthetic resins in a process known as copolymerization it is known to occur to decrease formaldehyde emission
(Shirmohammadli et al., 2018).

Tannins have high economic and ecological interest and can be used as raw material in the production of adhesive for
wood bonding (Monteiro et al., 2006; Mendoza et al., 2017). They can be considered suitable for adhesive formulation when
they have a Stiasny index value higher than 65% (Yazaki and Collins, 1994), meaning a strong interaction of formaldehyde
with condensed tannins. Among the forest species that produce condensed tannins, the species Myrcia splendens (Sw.) DC. of
the Myrtaceae family, which occurs frequently in secondary forests of the Brazilian Amazon, has a high concentration of

condensed tannins. According to Araujo (2019), 21.5 to 29.9 % of condensed tannins can be found in the barks of the trunk of
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this species with a Stiasny index of 86.6 %, a value that allows its use in the production of adhesives. Thus, tannins from M.
splendens were used for the first time in the formulation of a urea-tannin-formaldehyde (UTF) resin, with the objective of

evaluating the effect of different tannin proportions on the glue line performance in Pinus sp. woods, glued with UTF adhesive.

2. Material and Methods
2.1 Sampling

The bark of M. splendens was collected from the trunk of 10 trees with a mean diameter of 10.9 cm and mean total
height of 9.6 m in a secondary forest located in S8o Jodo da Ponta, Para, Brazil. The bark was air-dried and ground in a
hammer mill. The wood used was extracted from an experimental plantation of Pinus sp. from the region of Lavras, Minas
Gerais, Brazil, which were made into sheets 30 cm long, 10 cm wide and 0.5 thick.

2.2 Tannins extraction

The extraction of tannins from M. splendens barks was performed as presented in Araujo et al. (2021). Briefly, the
barks were added in water at a 1:15 (w/v) ratio with the addition of 3% sodium sulfite (NaSOs) in relation to the dry mass.
The extractions were performed in a water bath at 70°C for 3 h under periodic stirring. Once the extraction was finished, the
material was filtered through a 1 mm? mesh sieve. Subsequently, the extract was filtered using glass crucibles of porosity n°2
in a vacuum system and dried in an oven at a temperature of 40°C. Then, the tannins were macerated to a particle size of 200

mesh.

2.3 Adhesive production and characterization
The adhesive formulations were based on the gradual addition of powdered tannins to the urea-formaldehyde (UF)

adhesive mass, totaling four compositions besides the control adhesive (Table 1).

Table 1. Different compositions of the adhesive Urea formaldehyde with powdered tannins.

Composition (% mass)

Treatment : :
Urea-formaldehyde adhesive Powdered tannins
UF-100 100 0
UF-97.5 97.5 25
UF-95.0 95.0 5.0
UF-92.5 925 7.5
UF-90.0 90.0 10

Source: Authors.

For all adhesives produced their properties of solid content, pH, gel time and viscosity were determined in triplicate.
The solid content was determined according to ASTM-D 1582 60 (1994), the pH was obtained by direct readings in a pH
meter, the gel time was performed by the methodology proposed by Almeida et al. (2010) and the viscosity was determined

using a Ford Cup type viscometer following the parameters stipulated by ASTM D-1200 (1994).

2.4 Assessment of glue line strength
The Pinus sp. wood sheets used in the test had dimensions of 30 x 10 x 0.5 (length x width x thickness) and
approximately 8% humidity. For gluing the wood, 250 g.m of adhesive was applied in a double glue line. A pressing cycle

was used with a temperature of 140 °C, a specific pressure of 8 kgf cm2 and a pressing time of 8 minutes. After gluing, the
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slides were placed in an air-conditioned room with temperature conditions of 203 °C and humidity of 65+3%. After the
conditioning period, the glue line strength test was carried out following the recommendations of the American Society for
Testing and Materials - ASTM D - 905 (ASTM, 2008). The effect of tannin addition on glue line strength was analyzed in dry
and wet conditions after 24h of immersion in water and each condition was evaluated with ten repetitions. Shear strength was

calculated from the ratio of maximum load and shear area (Araujo et al., 2021).

2.5 Evaluation of the failure rate on the glue line

After shear testing, the samples were analyzed for glue line failure according to standard D5266-99 (ASTM, 2013). A
checkered transparent sheet with its respective areas delineated in percentages was used, which was arranged over the sheared
area and the percentage of failure in the wood was determined.

2.6 Statistical analysis

To evaluate the variations on the results of the adhesive properties according to the percentage of tannins added to the
Urea formaldehyde resin, the data were submitted to analysis of variance (ANOVA) and, when significant differences were
established for regression analysis. The Scott-Knott test was applied to verify the differences between the two conditions (wet
and dry) of the shear bond strength test. The significance level of 5% (0=0.05) was adopted for all statistical analyses. The
analyses were performed in Sisvar 5.6 software (Ferreira, 2019). In addition, to clusters the samples according to the analyses
performed, the hierarchical cluster analysis (HCA) was performed in the RStudio software version 1.4.1106.

3. Results and Discussion
3.1 Adhesive properties

The solids content (TS) is the fraction of the adhesive that polymerizes after pressing the wood. This property
oscillated with high and low values depending on the tannin content, the polynomial regression (degree 4) was the one that best
represented the relationship of solids with the different concentrations of tannins in the UF resin (Figure 1).

Figure 1. Average values of solids content of urea formaldehyde adhesive with different concentrations of M. splendens

tannins.
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Viscosity is an important parameter that shows the quality of the adhesive for wood bonding (Araujo et al., 2021).
The adhesives with tannin addition showed values between 6000 and 8500 mPa.s. For satisfactory bonding, extreme values of
viscosity are not desirable. When the adhesive viscosity is high, it is difficult to distribute the adhesive evenly over the wood,
causing insufficient penetration into the wood structure, damaging the wetting, and possibly resulting in thick glue lines.
However, adhesives with low viscosity have greater penetration and their absorption by the wood is also greater and may result
in a hungry glue line (Iwakiri and Trianoski, 2020). The viscosity of tannin solution is generally higher than that of synthetic
resins for the same concentration because it is influenced by the molecular weight of the tannins and the presence of non-tannic
compounds such as gums and sugars (Pizzi, 2003), hence tannic extracts are more viscous at the concentrations typically
required in adhesives compared to synthetic resins (Pizzi,1994). However, adhesive viscosity can be reduced by chemical
modification of tannins, some studies recommend the methods of sulfitation and acid hydrolysis, in addition to the use of
sodium hydroxide and urea (Carneiro et al., 2001; VVazquez et al., 2013; Solt et al., 2019).

The inclusion of tannins promoted a decrease in pH and gel time of the UTF adhesive (Figure 2AB). For each 1% of
tannins added in the synthetic adhesive, a reduction of 0.0937 in pH and 1.1697 min in gel time was observed. pH in acidic
ranges can influence the behavior of the gel phase, accelerating the curing of adhesives (Dunky, 2003). For this reason, in UF
resins, usually to accelerate curing an acid-releasing catalyst, such as ammonium sulfate, is used. In tannic adhesives, the use
of curing accelerators is not necessary, because polyphenols have an acidic character (pH = 4.0 to 5.0) (Gongalves and Lelis,
2009), which explains the decrease in polymerization time as tannins were added to the UF resin (Figure 2B). These results
show that tannins, in addition to promoting sustainability and biosafety to the composition of the UF adhesive, can act as

curing catalysts in the synthetic resin, reducing production costs.

Figure 2. Average pH values (A) and Gel Time (B) of the urea formaldehyde adhesive with different concentrations of M.
splendens tannins.
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3.2 Mechanical resistance of the glue line

The adhesives prepared with replacement of UF by tannins were tested for shear bond strength in the dry and wet
condition. The shear strength showed significant difference among the compositions evaluated (Figure 3). In the dry condition,
the glue line strength reached 4.95 MPa with the inclusion of 10% tannins (Figure 3A), representing a 52% increase in this
mechanical property. In the wet condition (Figure 3B), the adhesives with 5% and 7.5% of tannins were the ones that presented

the best results, with 4.65 and 5.02 MPa, respectively.
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Figure 3. Mean values of shear strength at the glue line of the urea formaldehyde adhesive with different concentrations of M.

splendens tannins in dry (A) and wet (B) test.
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In both dry and wet conditions, the results were higher when compared to those described by Araujo et al. (2021) for
the tannic adhesive of the species Myrcia eximia [5.3 and 4.2 MPa (dry and wet, respectively)], which belongs to the same
botanical genus as the species in this study. The authors considered the values high and found that the thermal stability of these
tannins in the face of high temperatures may have been responsible for the resistance, because the temperature of 140 °C used
in the pressing did not promote the loss of mass of the tannins during bonding.

In relation to other tannin-rich species, UTF adhesives were even more resistant than tannic adhesives from
Stryphnodendron astringens (2.24 MPa) and Acacia mearnsii (2.02 MPa) (Goulart et al., 2012). In addition, they had shear
strength values close to those reported by Boa et al. (2014), who evaluated glued joints of Eucalyptus sp. wood with urea
formaldehyde adhesive, in two density classes, which were, density below 0.65 g cm= (C1) and density above g cm™ (C2) with
a weight of urea formaldehyde adhesive of 200 g m2 and obtained results of 4.09 to 8.36 MPa, respectively. When comparing
the shear bond strength results according to the two test conditions (dry and wet), it can be observed that there was a statistical
difference only with the 10% tannin content (Figure 4). This result shows that the addition of up to 7.5% tannins does not
reduce the adhesives wet strength. In general, it is possible that the result obtained for moisture resistance is due to the

chemistry of M. splendens species tannins, making them less hygroscopic when compared to tannins from other species.
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Figure 4. Evaluation of adhesive shear strength between dry and wet test condition.

7

Dry w=\Wet

o

Brea'!,(lng wStrerlgth @'llPa)

-
L

0 25 5 7.5 10
Tannins (%)

Source: Authors.

3.3 Glue line failure ratio

The gluing quality was also proven by the evaluation of the percentage of failure in the glue line after the shear tests.
In the dry test condition, only 20.5% of the breaks occurred at the glue line (Table 2), in which, as tannins were added to the
UF resin, the breaks in the wood increased, in other words, the UTF adhesive proved to be more resistant as tannins were
added. In the humid condition, 73.2% of the breaks occurred in the glue line (Table 2), even so, these results are encouraging,
since the urea formaldehyde resin is not resistant to humidity, therefore, it is indicated for bonding products for internal use

with mild humidity conditions, and tannins promoted an increase in the resistance of the UF adhesive in both test conditions.

Table 2. Percentage of glue line failure after shear tests.

Test Conditions

Treatment Dry Wet
Wood Glue line Wood Glue line

UF-100 115 8.9 0.2 18.0
UF-97.5 13.3 4.9 8.0 14.7
UF-95.0 16.5 3.9 10.2 10.3
UF-92.5 18.2 2.3 1.1 17.1
UF-90.0 20.0 0.5 7.3 13.1

Total 79.5 20.5 26.8 73.2

Source: Authors.

3.4 Hierarchical Cluster Analysis (HCA)

Figure 5 shows the HCA analysis for the tests performed on the formulated adhesives. HCA is a statistical technique
of grouping samples with similar characteristics. The treatments were grouped into 3 clusters, and we can see that the
treatments UF-100 and UF-97.5 have distinct characteristics and are considered treatments with no similarities among
themselves, neither with the other adhesives. Treatments UF-95, UF-92.5 and UF-90 formed a single cluster. Observing the
intra-group diversities, the treatment with 7.5% tannin addition showed a small difference from the other treatments. In

addition, the UF-90 and UF-95 treatments proved to be more similar to each other than the UF-92.5 adhesive.
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Figure 5. Dendogram obtained by the hierarchical cluster analysis.

Source: Authors.

4. Conclusion

The M. splendens tannins added to the urea formaldehyde adhesive promoted, in general, an increase in the glue line
strength, proving the quality of the urea-tannin-formaldehyde (UTF) adhesives, which were compatible with the commercial
ones. Considering all parameters evaluated, the proportion of 5.0% of tannins proved to be ideal in the formulation of the UTF
adhesive, because in this mixture, besides not having significant difference in shear bond strength in dry and wet conditions,
the percentage of failures were equivalent between the wood and the glue line in the wet test, as well as the gel time (6.41) was
the closest to the pressing time. Thus, this study proves the potential use of Myrcia splendens tannins from the Amazon
Rainforest in the partial formulation of more sustainable UTF adhesives, however, even more studies and improvements

should be carried out to produce adhesives with better performance, especially aiming at reducing viscosity.
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