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Abstract 

The aim of this study was to evaluate the effect of boron compounds utilized in wood impregnation, its 
influence on the physical properties of eucalyptus wood and to verify the veracity of the equilibrium 
moisture content obtained by the Simpson’s equation. The wood impregnation consisted of 4% and 8% 
of boron compound concentrations and was applied to the wood of three Eucalyptus clones. To analyze 
the equilibrium moisture content, the test samples were acclimatized at different temperatures and 
relative humidity. The dry density, shrinkage, and anisotropy coefficient for all the wood samples were 
measured. The presence of the boron compound in impregnated wood enhanced the dry density and 
radial shrinkage in one of the Eucalyptus clones. The equilibrium moisture content dropped when the 4% 
boron compound concentration was used to impregnate the wood. The Simpson’s equation must be 
applied with caution for ascertaining the equilibrium moisture content measurements because different 
values are achieved when compared with the findings of the acclimatized chambers. 

Keywords: Wood impregnation; Boric acid; Equilibrium moisture content; Density; Shrinkage. 

Resumo 

O objetivo deste estudo foi avaliar o efeito dos compostos de boro utilizados na impregnação, sua influência 
sobre as propriedades físicas da madeira de eucalipto e verificar a veracidade do teor de umidade de 
equilíbrio obtido pela equação de Simpson. A impregnação consistiu da aplicação de soluções de 4 e 8% de 
concentração de compostos de boro na madeira de três clones de eucalipto. Para analisar o conteúdo de 
umidade de equilíbrio da madeira, as amostras foram aclimatadas em diferentes temperaturas e umidades 
relativas. A densidade anidra, contração e coeficiente de anisotropia para todas as amostras de madeira 
foram determinados. A presença de composto de boro na madeira impregnada incrementou a densidade 
anidra e o inchamento radial para todos os clones de eucalipto testados. O teor de umidade de equilíbrio 
diminuiu quando a concentração de 4% de compostos de boro foi usada. A equação de Simpson deve ser 
aplicada com cautela para verificar as medições de conteúdo de umidade de equilíbrio, uma vez que valores 
diferentes são obtidos quando comparados aos da câmara climatizada. 

Palavras-chave: Impregnação da madeira; Ácido bórico; Teor de umidade de equilíbrio; Densidade; Inchamento. 
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INTRODUCTION 

Wood treatment is a set of preventive and curative measures against xylophagous 
agents, which degrade wood and feed on the natural polymers of the cell wall. Using a variety 
of methods, chemical preservatives are introduced to restrict these actions in the wood 
(Tascioglu et al., 2013). A major concern in using chemical preservatives is that they are often 
toxic to all biota and the environment, which ultimately puts restrictions on their usage (Singh 
& Singh, 2012). To circumvent these disadvantages, the chemical properties of these 
compounds have been examined (Davidson et al., 2016). With their unique characteristics, 
boron compounds are a good option as a feasible alternative for its use in wood treatment. 

Boron compounds are a commonly available soil micronutrient, and borates naturally 
occur in most superficial waters. Borates are useful for wood treatment because they have 
essential and desirable characteristics, including toxicity to xylophagous organisms, and they 
are more environmentally friendly than other substances such as arsenic compounds; and 
they are not toxic to both humans and domestic animals. Borates are not volatile; they are 
odorless, water soluble, and durable. They make wood less susceptible to fire and do not 
change the natural wood color (Mohareb et al., 2010). 

Among the boron compounds designated for wood treatment, boric acid and borax 
mixed with boric acid are the most conventional for wood treatments (Kartal et al., 2007; 
Lepage et al., 2017), also often used for treatment of wood veneers (Colakoglu et al., 2003; 
Willerding & Vianez, 2003), plywood (Lahiry, 2005; Özçifçi, 2008), and bamboo strips (Xu et al., 
2013; Rosa et al., 2014, 2016). 

However, one disadvantage is the tendency to be easily leached by water, which limits 
their use as wood treatment, especially when they are in contact with environments high in 
moisture or in soil contact (Obanda et al., 2008; Caldeira, 2010). Several studies have been 
conducted to minimize the boron compounds leaching effects (Kartal et al., 2004; Lyon et al., 
2007; Zou et al., 2018). These studies attempted to reduce boron solubility by adding different 
chemical compounds to produce an insoluble complex, while other studies employed water 
repellent compounds (Lesar et al., 2009; Mourant et al., 2009; Zou et al., 2018). 

Chemical compounds utilized as wood treatment to increase the wood durability can 
induce changes in the wood properties, specifically the physical properties. This study aimed 
to evaluate the effect of boron compounds utilized in wood impregnation, their influence on 
the physical properties of eucalyptus wood and to verify the veracity of the equilibrium 
moisture content obtained by the Simpson’s equation. 

MATERIAL AND METHODS 

Wood samples 

Wood samples were obtained from three 4-year-old Eucalyptus clones (named clones A, 
B, and C); taken from a plantation site in the Bocaiúva region, coordinate -16.618940 latitude 
and -44.042204 longitude, Minas Gerais State, Brazil. In Brazil eucalyptus wood from trees 
aged between 4 and 5 years is used in materials such as fence posts (Torres et al., 2011), small 
posts for transmission of electric power in rural areas and pallets. 

For each clone, six trees have been evaluated, and from each one of them, a wooden disc 
was removed from the basal region. From that disc three wood samples with dimensions of 
2.0 x 2.5 x 5.0 cm (radial x tangential x longitudinal) from the sapwood region were obtained, 
totalizing 54 test samples. Only sapwood was used, because it is a permeable wood, and the 
objective of study was to evaluate the effect of impregnation on its dimensional stability. 

Preparation of solutions and impregnation of samples 

Boric acid (95%, pure for analysis, PA) and sodium tetraborate (borax, 95%, PA) were used 
to prepare the solutions. These solutions were composed by equal parts of a dry mixture of 
the reagents in two different concentrations (4 and 8%). 
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Three different treatments consisting of 4%; 8%, and control (non-impregnated wood) 
were analyzed. Each treatment involved 18 test samples with six replications by clone, totaling 
54 test samples. 

Impregnating the solutions into the wood was performed according to the American 
Wood Protection Association - AWPA E10-12 (American Wood Protection Association, 2014). 
The wood samples were packed into a desiccator and subjected to an initial vacuum of 660 
mm Hg (26 in Hg), to withdraw air from the interior of the samples. The solution contained in 
the volumetric flask was released, and then two more vacuum applications of 25 min duration 
each one were performed for the maximum impregnation of the material, with a 40-min 
interval between them. The impregnation procedure was performed for both concentrations 
(4 and 8%), using approximately 1.5 L of the treatment solution. After the impregnation, the 
wood samples were wrapped in a polyethylene filter for 14 days to enhance the impregnation 
and fixation of the solution, and later weighed. 

To determinate the equilibrium moisture content, an acclimatization chamber was used, 
in which the wood samples were conditioned for simulations under conditions of different 
temperatures and relative humidity – RH (Table 1). 

Table 1. Temperature and relative humidity in the acclimatization chamber. 

Temperature (ºC) Relative humidity (%) 
18 57 
18 59 
18 67 
30 57 
30 59 
30 67 

The wood samples, which were placed inside the acclimatization chamber under the 
conditions proposed, were periodically (every 3 days) removed to measure their mass until 
mass stabilization was achieved. When the masses of the samples stabilized at the given 
temperatures and relative humidity, the equilibrium moisture content was measured. Once 
all mass measurements were taken, the samples were completely oven dried at 103 ± 2°C and 
the equilibrium moisture content was calculated for each pre-established condition using 
Equation 1 (Skaar, 1988). 

SM DMEMC  1 00
SM
−

= ×
 (1) 

Where – EMC: equilibrium moisture content (%); SM: stabilized mass of the wood sample (g) 
inside the acclimatized chamber; DM: dry mass of the wood sample (g). 

The estimated equilibrium moisture content was calculated by Equation 2, proposed by 
Simpson (1971), employing the same pre-established conditions of the acclimatization 
chamber. 

1 2 2

1 2 2 

K K h K  h 1800EMC  
1  K K  h 1  K h W
 

= + + −   (2) 

Where - K1: 4.737 + (0.04773xT) – (0.00050123xT2); K2: 0.705941 + (0.001698xT) – 
(0.000005553xT2); W: 223.384 + (06942xT) + (0.0185324xT2); T: temperature (°C); h: relative 
water vapor pressure. 

The dry density of the wood samples was obtained by dividing the mass and respective 
volume of the completely dried samples. Radial and tangential wood shrinkages of the 
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samples were measured according to the International Organization for Standardization- ISO 
4469-1981 (International Organization for Standardization, 1981), while the volumetric 
shrinkage was determined according to ISO 4858-1982 (International Organization for 
Standardization, 1982). The coefficient of anisotropy was obtained by the relationship of the 
tangential and radial shrinkages. 

A completely randomized statistic design was applied and a variance analysis was 
performed to compare the effect of environmental conditions (temperature and RH), and 
treatment (control, 4 and 8%) for each Eucalyptus clone. When the F test was significant (p < 
0.05), the Tukey test was applied (p < 0.05) to compare the means of equilibrium moisture 
contents, dry density, shrinkages, and coefficient of anisotropy. Previous to the variance 
analyses, the Bartlett test (to verify the normality of the data distribution) and Cochran test (to 
the homogeneity of variances) were performed. 

RESULTS AND DISCUSSION 

Impregnated wood samples of the three Eucalyptus clones at both boron compound 
concentrations revealed significant differences in the equilibrium moisture content when they 
were submitted to distinct temperature and RH. In Figure 1 the significant differences between 
the treatments of the wood in each condition that the wood was submitted can be seen; as 
well as the values estimated by Simpson’s equation (1971). 

Means followed by the same letter within each condition (temperature x relative humidity), 
do not differ (Tukey, p > 0.05). The equilibrium moisture content obtained by Simpson's equation 
is represented by the perpendicular line drawn to the direction of the bars. 

 
Figure 1. Mean values for the equilibrium moisture content of the wood samples from the three 

Eucalyptus clones for impregnated wood (4 and 8% concentrations of boron compound) and control. 

The clones presented different responses to treatments, temperature and relative 
humidity ratios. Clone A presented a significant difference in the relations 18x67; 30x57 and 
30x67, while clones B and C showed interference of the treatments in all combinations of 
temperature and humidity. It is important to emphasize that the temperature of 30 °C and at 
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67% relative humidity gave the same responses in the three evaluated clones, where the 
control presented lower equilibrium moisture than the treatments with the preservative. 

In general, the 4% boron treatment had the lowest equilibrium moisture values. In most 
cases, the Simpson’s equation underestimated the equilibrium moisture results, but for clone C, 
at most equilibrium moisture ratios with the 4% treatment, it was still lower than that estimated 
by the Simpson’s equation. The 8% treatment was the one that most conserved the natural 
characteristics of the wood. 

Impregnated wood samples to both boron compound concentrations revealed no 
significant differences to dry density and radial shrinkage (except for clone A); tangential; 
radial and volumetric shrinkages; and the anisotropy coefficient for the three Eucalyptus 
clones. 

The decrease in equilibrium moisture caused in most clones by the treatment with boron 
in the concentration 4% indicates a reduction of the hygroscopicity of the material, which 
Anjos and Sousa (2015) see as a positive effect, since this characteristic can represent greater 
dimensional stability. At the same time, the results presented by boron treatment at 8% also 
pleased the industry for the proximity of the majority of the results with the control treatment, 
because according to Vidal et al. (2015) and Lepage et al. (2017), one of the ideal 
characteristics of a wood preservative is not to change properties of the material. 

The majority of the equilibrium moisture content results obtained in the acclimatization 
chamber were different from those arising out of the Simpson’s equation (Simpson, 1971), 
except for the values obtained for clone C. The biggest difference between the two methods 
was 30.39% in clone A, in which the wood was impregnated with a 4% boron compound 
concentration and subjected to a temperature of 18 °C and 57% RH. In contrast, the lowest 
difference was observed for clone B, which was -0.33% in the control wood samples when 
submitted to 30 °C and 67% RH. 

The Simpson’s equation caused significant estimation errors when assessing the 
moisture content of 27 commercial wood species using the acclimatization chamber 
(Trugilho et al., 2000). These results agree with the statement by Wallis (1970) and Jankowsky 
(1979) that equations utilized in the calculation of equilibrium moisture content for drying 
wood in the oven should not be indiscriminately used for any species as they indicate mean 
values and may lead to errors during wood drying. 

The mean dry density values for the impregnated woods using different concentrations 
of boron and control compounds are shown in Table 2. The exception was clone A (8%), which 
presented a difference of 0.224 g cm-3 when compared to the control, due to maximum 
absorption of the solution (complete saturation), indicating that boron impregnation provided 
a significant change in the dry density of the wood. For clones B and C, the maximum 
differences were 0.121 and 0.132 g cm-3 (121 and 132 kg m-3), respectively, with no significant 
difference in the evaluated properties. 

Table 2. Mean values of the dry density (g cm-3) for the impregnated wood using different boron 
compound concentrations and control. 

Clone 
Dry density boron compound concentrations (%) 
4 8 0 (Control) 

A 0.769 ab 0.941 a 0.717 b 
B* 0.815 a 0.953 a 0.832 a 
C* 0.669 a 0.644 a 0.537 a 

Means followed by the same letter in each line, do not differ (Tukey, p > 0.05) or * (F, p > 0.05). 

With the use of the higher boron compound concentration (8%) in the solution an 
increase in dry density on clone A (Table 2) was verified, while the non-impregnated wood 
presented lower values. Increase in the density of Eucalyptus wood after impregnation with 
the boron compound was also observed by Baraúna et al. (2017), revealing that this affected 
the increase in the wood mass without changing its volume. According to Faria et al. (2015), 
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the utilization of other chemical compounds, like CCA, also caused an increase in Eucalytus 
camaldulensis wood density. Souza Almeida et al. (2019) obtained similar results for three 
Brazilian tropical woods treated whit CCA-A. 

Table 3 shows that for clone A wood samples, the impregnation with the highest boron 
compound concentration (8%) produced greater radial shrinkage when compared to control. 
However, the greater radial shrinkage did not influence positively the improvement of the 
wood anisotropy coefficient of this clone. Despite the increase of 0.68% on the value of the 
radial shrinkage, there was an increase of 1.13% in the tangential one, reflecting a gain of only 
0.06 in anisotropy coefficient. The values of the radial and tangential shrinkages provided an 
increase of 1.56% in volumetric shrinkage of clone A. The largest effect of the impregnation 
with boron compound to the anisotropy observed for clone C (8%), with a difference of 0.17 
for the control. 

Table 3. Mean values for tangential, radial, and volumetric shrinkages and anisotropy coefficient for 
impregnated wood with different boron compound concentrations and control. 

Clone 
Boron compound concentrations (%) 

4 8 0 (Control) 
 Tangential shrinkage  

A* 6.90 a 7.43 a 6.30 a 
B* 5.90 a 6.47 a 5.77 a 
C* 6.22 a 6.56 a 5.91 a 

  Radial shrinkage  

A 3.25 ab 3.65 a 2.97 b 
B* 3.14 a 3.52 a 2.93 a 
C* 2.95 a 3.39 a 2.79 a 

  Volumetric shrinkage  

A* 10.01 a 10.88 a 9.32 a 
B* 8.97 a 9.89 a 8.74 a 
C* 9.20 a 9.97 a 8.98 a 

  Anisotropy coefficient  

A* 2.10 a 2.05 a 2.11 a 
B* 1.93 a 1.93 a 1.97 a 
C* 2.14 a 1.96 a 2.13 a 

Means followed by same letter in each line and property, do not differ (Tukey, p > 0.05) or * (F, p > 0.05). 

Boron compounds significantly influenced wood radial shrinkage in clone A (Table 3). The 
results show that for clone A wood samples, the impregnation with the highest boron 
compound concentration (8%) produced a higher radial shrinkage when compared to control, 
which could have been caused by increased wood density for this clone. In contrast, the lowest 
concentration (4%) did not differ from the control for tangential, radial, and volumetric 
shrinkages and anisotropy coefficient, indicating a good performance of this treatment. 

The anisotropy coefficients of the woods for the three Eucalyptus clones showed no 
response to the presence of the different boron compound concentrations. However, the 
values were relatively higher than the value of 1.87 reported by Gonçalves et al. (2009) for 
Eucalyptus sp. wood, and also lower than 2.34 for the Eucalyptus benthamii wood studied by 
Müller et al. (2014). 

The inverse relationship between the anisotropy coefficient and dry density was recorded 
by Moraes et al. (2009) in their study on Pinus tecunumanii and Faria et al. (2015) and by 
Baraúna et al. (2017) using different species of Eucalyptus sp.; the present work, however, did 
not find this relationship. 
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Similar to observed in this research with 8% boron compound concentration, Paes et al. 
(2015) noted that lithium chloride and copper sulphate II solutions (5% concentration) gave 
the Corymbia torelliana wood smaller anisotropic coefficients. On the other hand, in Eucalyptus 
cloeziana wood, the lowest values were obtained with the solutions of copper sulphate and 
sodium chloride. This was probably caused by the bulking effect, proportionated by salt 
(Paes et al., 2013), keeping the cellular structure always saturated and decreased the effects 
of shrinkage and swelling of treated wood. 

CONCLUSION 

The highest boron compound concentration in the wood had no effect on the equilibrium 
moisture content in most relations (temperature x relative humidity). However, in general, the 
equilibrium moisture contents revealed significantly lower values for the lowest boron 
compound concentration (4%). 

Care is required when employing the Simpson’s equation in wood drying programs. The 
calculated values were different values from those measured in the acclimatization chambers. 

The presence of boron compounds in the wood affected the dry density only for clone A, 
in which the highest concentration caused an increase in dry density and radial shrinkage. 
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