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Abstract
This study aimed to determine the resistance of Eucalyptus wood clones after exposure to the soil in a decay field. 
Samples taken from the heartwood of 3 Eucalyptus camaldulensis x Eucalyptus grandis hybrid trees were used for the 
pyroligneous liquor, chromated copper borat, and untreated treatments, where physical, chemical, and mechanical 
tests were used for evaluation. Chemical and mechanical analysis demonstrated that there was interaction between 
factors and significant differences between and within treatments. Wood treated with pyroligneous liquor showed 
lower solubility in cold water when compared to CCB and, therefore, lower leaching. Both treatments were statistically 
equal in terms of MOR resistance and mass loss. It was concluded that treating Eucalyptus wood with pyroligneous 
acid, compared to treatment with CCB and untreated wood, was equally efficient mainly for the property of resistance 
to static bending, showing potential as a preservative product.
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1. INTRODUCTION AND OBJECTIVES

Wood is an essential biological material widely utilized due 
to its versatility and potential in industrial, productive, and 
sustainable applications. In 2022, Brazil boasted 10 million 
hectares of planted forests, of which 7.6 million hectares 
(76% of the area) were planted with Eucalyptus (Ibá 2023, 
Moraes et al., 2024). However, like all biological materials, 
their wood is susceptible to decreased natural resistance due 
to attacks by xylophagous agents, rainfall, excessive heat, and 
other environmental factors. Some preservation methods, 
such as chromated copper arsenate (CCA), have been used to 
enhance Eucalyptus wood’s durability. However, due to their 
high toxicity, these treatments were prohibited in European 
and American countries, as they contain toxic chemical 

components such as chromium and arsenic (Khademibami 
& Bobadilha, 2022).

To replace CCA in wood preservation, chromated copper 
borate was created, replacing arsenic with boron. Despite 
its efficiency in wood treatability and increased lifespan, 
chromated copper borate (CCB) contains substances such 
as bromine in its composition, making it moderately toxic to 
the environment and human health (Ibama, 2020).

The use of natural products for wood preservation has 
shown great potential to replace the use of harmful chemicals. 
According to Järvinen et al. (2022), there is a growing demand 
for potential alternative products capable of minimizing 
environmental impact, as damage to human health and 
other organisms and environmental damage has become a 
growing concern. 
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Pyroligneous acid is a natural product obtained through the 
carbonization of wood during charcoal production (Venega et al., 
2023). It has the potential for wood preservation. Its composition 
includes ketones, methanol, and phenols, which give it antifungal 
and antimicrobial properties (Hu et al., 2022). As with CCB, the 
impregnation of pyroligneous acid in treated wood is lost over 
time due to climatic conditions and termite attacks and, as with 
extractives, can be quantified through leaching.

As described by Steiner et al. (2007), at low concentrations, 
the effects of pyroligneous acid are beneficial for soil 
microorganisms, as it provides them with energy. In addition, 
it has a high fertilizing potential, and promising results have 
been observed when associated with composts (Zhu et al., 
2025; Cheng et al., 2025). This shows that the leaching of wood-
impregnated pyroligneous liquor, when at low dosages, does 
not interfere with soil health but does reduce its effectiveness 
as a preservative product. In order to quantify this loss and 
other extractive substances, solubility in cold water can be used.

Several studies in the scientific literature have sought 
alternative natural products for wood preservation, as discussed 
by Yildiz et al. (2020) when testing different concentrations 
of lichen and mistletoe leaves for preserving Pinus sylvestris 
wood. In this sense, this study hypothesizes that the use of 
pyroligneous acid may increase the durability of  Eucalyptus 
wood exposed to the elements.

2. MATERIALS AND METHODS

The experiment was conducted at the Federal University of 
Tocantins – UFT, Gurupi campus, located at 11° 43’ S and 49° 
04’ W, with an altitude of 280 meters above sea level, featuring a 
tropical climate (Aw) according to Köppen classification, with an 
average annual precipitation of 1617 mm and monthly average 
temperatures ranging from 19 °C to 36 °C (Alvares et al., 2013).  

Wood from clonal material 1277 of Eucalyptus camaldulensis 
x Eucalyptus grandies hybrid originating from a plantation 
located at the experimental farm of the Federal University 
of Tocantins - Gurupi Campus, with 13 years of age, was 
utilized. The study used the preservative Chromated copper 
borate (CCB), pyroligneous acid and control samples, which 
were treated, exposed to time, and collected periodically (0, 
2, 4 and 5 months).

The pyroligneous acid was produced at the laboratory of 
technology and utilization of forest products I of the Federal 
University of Tocantins. Chromated copper borate (CCB) 
comprises chemical products from the university’s warehouse 
and agricultural supply stores. 

Three clonal hybrid trees with an average height of 25 
meters and an average diameter at breast height  of 31.6 cm 
were selected to prepare samples for analysis. Logs with 
a length of 50 cm were removed from the heartwood of 
Eucalyptus hybrid, which were then used to create samples 
for physical, chemical, and mechanical analyses with and 
without preservative treatment. In total, 84 samples measuring 
20x30x50 mm were prepared, of which 63 were exposed 
to soil and weather conditions for subsequent periodic 
collection to determine mechanical resistance and mass loss 
over time. Twenty-one samples were preserved and kept in 
the laboratory to avoid exposure to field weather conditions, 
serving as control samples. Three collections were made 
after installation in the rotting field: the first was made after 
68 days, the second after 137 days, and the third after 167 
days of exposure. 

The pyroligneous acid was obtained from the condensation 
of gases emitted during the pyrolysis process of Eucalyptus 
wood to obtain charcoal (Figure 1). A 1:10 ratio was used 
for the pyroligneous acid solution, where 10% was diluted 
in 8 liters of water. 

Figure 1. (a) Wood pyrolysis process; (b) Pyroligneous acid after obtaining it through the pyrolysis process; (c) Eucalyptus wood after 
treatment with pyroligneous acid. 
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For the solution with CCB, the standard NBR-9480 (2009) 
was used. This recommends adding acetic acid to water to acidify 
the solution and allow the dilution of the other components. 
Then, potassium dichromate, boric acid, and copper sulfate in 
the recommended proportions are added until complete dilution. 

It is worth highlighting that a control treatment without 
impregnation of wood preservatives was conducted to analyze the 
natural durability of the studied species, carried out according to 
the standard EN 350 (2016). Before installing the decay field, the 
samples were dried in an oven at 60 °C for acclimatization, followed 
by drying at 103 °C to achieve 0% humidity. After drying, 56 samples 
were subjected to preservative treatments with pyroligneous acid 
and CCB using the immersion method for 14 days.

Subsequently, the untreated samples (US), samples 
treated with pyroligneous acid (TSPA), and samples treated 
with CCB (TSCCB) were dried again and sent to the decay 
field along with the untreated samples. At each periodic 
collection, in addition to the samples kept in the laboratory, 
analyses of flexural strength and stiffness (MOR and MOE) 
were conducted according to COPANT 555 (1973) standard. 
The tests were performed using a universal testing machine 
from the brand Quantec in the Materials Laboratory of the 
Federal University of Tocantins, Palmas campus. 

For the leaching test and  chemical analyses, the samples 
were ground into particles and sieved through a 60-mesh 
sieve according to the standards established by Wastowski 
(2018). Cold water solubility and NaOH solubility were 
quantified before and after the exposure period in the decay 
field. Cold water solubility analysis allows quantifying the 
leaching of soluble components present in wood exposed 
to environmental conditions. For cold water solubility, the 
particles were weighed, immersed in water at room temperature 
for 48 hours, filtered, dried, and weighed again. In this case, 
the lower the values found for solubility in cold water, the 
less soluble components, including preservative products, 
will be lost. On the other hand, solubility in 1% NaOH 
shows the degree to which fungi or deteriorating agents have 
attacked he wood. The same procedure described for cold 
water solubility was followed for NaOH solubility; the only 
difference was the immersion period in the solution, which 
was 1 hour (Figure 2).

The weather conditions during the exposure period were 
obtained from the National Institute of Meteorology - Inmet 
website. They were based on data collected at station 019, 
located at the UFT Gurupi campus, and relevant information 
for the study is described in Figure 3.

Figure 2. (a) Particles of wood used for chemical analysis; (b) Particles immersed in NaOH; (c) Filtration process of the particles; (d) 
Obtaining the samples after filtration.

Figure 3. The weather conditions during the specimens’ corresponding exposure period (January to May 2022).
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The research used a completely randomized design 
(CRD) in a 3 x 4 factorial scheme. Three wood treatments 
were considered: the untreated samples, samples treated with 
pyroligneous acid, and samples treated with CCB across four 
exposure times.

To verify the assumptions of analysis of variance, the 
data were analyzed for a) Normality using the Shapiro-Wilk 
test and Student’s t-test b) Homogeneity of variances using 
the Bartlett test (p > 0.05), and c) Independence between 
experimental units. In case of significant differences among 
the data, means were compared using the Tukey post-hoc 
test. Pearson’s correlation coefficient was determined based 
on the means of the treatment variables analyzed. Graphs 

were generated using the “ggplot2” package (Wickham, 2016), 
and statistical analyses and results relied on the “agricolae” 
package (Mendiburu, 2023). All statistical analyses were 
performed using R Development Core Team (2023) at a 
significance level of p < 0.05.

3. RESULTS AND DISCUSSION

Figure 4 presents the visual classification of the samples 
of Eucalyptus wood. The untreated samples showed darkened 
stains, indicating the presence of deteriorating fungi and 
termites and superficial structural damage caused by other 
xylophagous agents in the decay field. 

Figure 4. Visual classification of samples treated and untreated after the last exposure time, as follows: (a) Untreated samples (US); (b) 
Samples treated with pyroligneous acid (TSPA); (c) Samples treated with CCB (TSCCB).

The samples treated with pyroligneous acid and CCB 
showed no indications of attacks, whether environmental 
or from xylophagous agents, and no signs of fungal attack. 
Termite attacks were observed on TSPA and TSCCB. On the 
other hand, untreated wood showed significant termite 
infestation and deterioration due to the action of soil termites. 
Both treatments were efficient in protecting the wood against 
deteriorating insect attacks.

According to standard NBR 16143 (2024), which 
establishes a system of use categories for wood, the ideal 
classification for wood that will be used outdoors, exposed 
to soil, fresh water and any other situations favorable to 
deterioration (fences, arbors, columns, bridges, foundations, 
power poles and playgrounds) is category 5. In this 
category, as with untreated specimens in the rotting field, 
the highest incidence of decaying xylophages is termites, 

fungi, and borers, which cause structural damage, reducing 
their durability.

Figure 5 shows the values ​​of basic density, cold water 
solubility, and NaOH solubility in untreated Eucalyptus 
wood, TSPA, and TSCCB. Regarding basic density, the untreated 
samples, those treated with pyroligneous acid, and those 
treated with CCB had 0.54 g/cm³, 0.57 g/cm³, and 0.56 g/
cm³, respectively, before exposure.

The untreated samples showed a low loss in basic density 
between the first two collection times compared to the other 
treatments during the same period. By the second exposure 
time, the US and those treated with pyroligneous acid and 
CCB corresponded to 0.54 g/cm³, 0.55 g/cm³, and 0.54 g/cm³, 
respectively. However, significant changes in the basic density 
values ​​of the untreated samples were observed between the 
second and fourth collection times.
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Figure 5. Average (±SD) basic density, cold water solubility, and NaOH solubility of untreated Eucalyptus wood (US) and wood treated 
with pyroligneous acid (TSPA) and chromated copper borate (TSCCB) over five months of evaluation. Note: Different lowercase letters 
indicate statistically significant differences (p < 0.05) in ANOVA with Tukey’s post-hoc test between treatments each time, and uppercase 
letters indicate differences within the same treatment over time.

In treated wood, the decline between values ​​is more 
pronounced between the second and fourth collection times, 
with values ​​reducing from 0.54 g/cm³ to 0.44 g/cm³ (fourth 
collection). On the other hand, TSPA and TSCCB showed 
consistency among the results, reaching 0.52 g/cm³ and 
0.53 g/cm³, respectively, at the end of the exposure period.

A basic density exhibited by wood is inherently related to 
its physical, chemical, and mechanical properties, resulting 
in greater or lesser strength. Strength, in turn, is essential for 
maintaining the service life of wood during the exposure period, 
as most of the treated wood will be destined to produce fence 
posts and/or wood for electricity poles and rural environments, 
meaning it will be continually exposed to weathering.

The decreased basic density values ​​in the untreated 
samples over time were partly caused by the constant climatic 
variation, where a maximum thermal amplitude of 22.6 °C 
and 20.5% humidity variation were observed during the 
exposure period. The constant absorption and moisture loss 
affect the wood structure due to the process of contraction 
and shrinkage, which causes greater propensity to cracks and 
defects in the wood, making it more susceptible to degradation 
by xylophagous agents such as fungi and termites (Baraúna 
et al., 2020; Dias et al., 2018), a behavior observed more 
intensively in untreated wood. The variation along the time 
in the basic density of the treated specimens demonstrates 
that both treatments effectively maintained the basic density 
of Eucalyptus wood.

Regarding cold water solubility, TSCCBs performed better 
in the first month, corresponding to 8.07%, while the wood 
treated with pyroligneous acid and untreated wood had averages 
of 5.71% and 5.64%, respectively. However, while the other 
treatments showed gradual losses over time (approximately 
26% total in untreated samples and 18% in samples treated 
with pyroligneous acid between times 0 and 5), the samples 
treated with CCB exhibited high leaching between the third 
and fourth month of exposure, with values ​​decreasing from 
8.81% to 5.36% (approximately 47% loss).It is observed that 
untreated wood showed higher leaching compared to treated 
wood during the first three exposure times. However, treated 
wood experienced greater leaching of preservatives over time, 
as seen in the last exposure time, where there was similar 
loss among all samples, with a relative increase in samples 
treated with CCB. When preservative components are not 
absorbed during the wood treatment, resistance is lost due to 
low impregnation, as the preservative substances remain only 
superficial. It is observed that there was greater precipitation 
during the first three months of exposure, favoring leaching 
by rain, making the wood prone to deterioration.

Regarding NaOH solubility, the samples treated with 
pyroligneous acid and TSCCB exhibited relatively similar 
degradation over the exposure period. It can be observed 
that, at the first exposure time, the untreated wood showed 
14.3% NaOH solubility, increasing to 20.54% by the end of 
the second exposure period. 
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Samples treated with pyroligneous acid and TSCCB showed 
similar values, 22.81% and 22.27% at time 0, respectively. 
Subsequent time points showed little variation, with final values 
of 27.60% and 27.19% for samples treated with pyroligneous 
acid and TSCCB, respectively. Both treatments showed no 
statistically significant difference. On the other hand, the 
untreated samples exhibited significant deterioration, with 
a significant increase in degradation between the first and 
second exposure periods.

NaOH solubility refers to the compound’s ability to dissolve 
wood, determining how much the wood has been consumed 
and deteriorated by fungal agents (Camlibel, 2020). Fungal 

agents’ preference for untreated wood demonstrated that TSPA 
and TSCCB were more effective in protecting Eucalyptus wood. 

In Figure 6, untreated Eucalyptus wood’s modulus of 
rupture (MOR) initially showed similar results to TSPA and 
TSCCB, 97.57 MPa, 98.58 MPa, and 106.8 MPa, respectively. 
However, a significant decrease is observed between the 
second and fourth exposure times, especially in the untreated 
samples, whose values decreased from 73.63 MPa to 54.81 
MPa. Wood treated with pyroligneous acid showed similar 
results to wood treated with TSCCB up to the third exposure 
time, with a decrease observed between the second and third 
times (94.36 MPa and 81.79 MPa, respectively).

Figure 6. Average (±SD) of MOR, MOE, loss in MOR, and mass loss of Eucalyptus woods untreated (ST) and treated with liquor (TSPA) 
and chromated copper borate (TSCCB) over five months of evaluation. Note: Different lowercase letters indicate statistically significant 
differences (p < 0.05) in ANOVA with Tukey’s post-hoc test between treatments each time, and uppercase letters indicate differences 
within the same treatment over time.

The modulus of rupture (MOR) results show that wood 
treated with both treatments achieved satisfactory resistance 
during static bending tests compared to untreated wood. The loss 
in MOR occurred gradually and proportionally in all samples, 
with greater evidence between the fourth and fifth months. 

Tests conducted by Hein & Brancheriau (2018) on 
Eucalyptus samples demonstrated a high correlation between 
basic density parameters, strength, stiffness, and different 
bending tests. Since the modulus of rupture of untreated 
samples decreased at the same time as the decrease in basic 
density, the same relationship between the author’s results 
and those found in this study can be assumed.

Compared to the others, the resistance in untreated 
samples can also be observed through the modulus of rupture 

in percentage. The first time after exposure, a greater loss of 
untreated wood compared to TSPA and TSCCB was noticeable, 
with 24.5%, 5.62%, and 8.57%, respectively, values that 
continued throughout the exposure time. The mass loss of 
wood treated with pyroligneous acid and TSCCB was lower 
than that of untreated samples, corroborating the other 
mechanical properties presented. 

Untreated wood experienced a greater mass loss than those 
treated with pyroligneous acid and TSCCB. The data presented 
corroborate the mass loss shown in Figure 6. This fact can be 
explained by the region’s edaphoclimatic conditions, where 
the climate favored fiber degradation due to the variation in 
rainfall and dry periods, causing fluctuations in hygroscopicity 
that negatively affected its resistance (Modes et al., 2017).
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Regarding the modulus of elasticity, untreated wood showed 
similar behavior to the modulus of rupture, as did the other 
treatments. There is a noticeably higher loss in MOE between 
the third and fourth collection times, where the values of 
untreated samples and those treated with liquor were 6374.64 
MPa and 8655.88 MPa at the fourth time, and 5677.73 MPa 
and 7898.02 MPa at the fifth exposure time, respectively. 

Untreated wood demonstrated a significant loss of basic 
density, higher solubility in cold water and NaOH, and 
therefore, a greater loss of resistance and stiffness in static 
bending (MOR and MOE) over the five months of exposure, 
which can be related to the mass loss that also showed a 
significant difference, especially in the fifth month. Woods 
treated with pyroligneous acid and TSCCB also showed a loss, 
but much less significant than untreated wood. 

The average values of the modulus of rupture, loss in 
resistance, modulus of elasticity, and mass loss of Eucalyptus 
wood demonstrated that the factors (preservative treatments 
and exposure time) interacted, with statistically significant 
differences observed between treatments and within treatments.

In Figure 7, basic density, solubility in NaOH, modulus 
of rupture, and mass loss of treated and untreated woods are 
correlated. Basic density shows a high correlation (r = -0.38) 
with solubility in NaOH and with flexural strength (r = 0.87), 
while the modulus of rupture (MOR) shows a moderate and 
negative correlation (r = -0.54) with mass loss.

Figure 7. Correlation between basic density (Bd), solubility in 
NaOH (NaOH), flexural strength (MOR), and mass loss (MS) of 
Eucalyptus woods

The most significant correlation is between the parameters 
of basic density and modulus of rupture. That proportionality 

showed that the higher the density, the greater its flexural 
strength will be.

According to Poubel et al. (2011), of the anatomical 
characteristics of wood, fiber dimensions have been shown 
to be more closely related to basic density. At the same time, 
the modulus of rupture is also related to the fibers and their 
content (Teixeira et al., 2019), which is why there is a positive 
correlation between these parameters.

Wood treated with pyroligneous liquor was similar to that 
treated with CCB, especially in terms of basic density and 
modulus of rupture, desirable parameters for durability in 
outdoor environments. On the other hand, throughout the 
exposure time, it was observed that the loss of mass of the 
samples treated with liquor was similar to that of the untreated 
specimens, which is a liability since it is an undesirable result 
as it causes the wood to become more fragile and reduces its 
resistance to the weathering of soil and time.

As mentioned above, the use of pyroligneous liquor was 
limited to 10% in this study. Therefore, it is possible to assume 
that higher concentrations of this product will lead to greater 
performance in the desirable variables for the durability of 
Eucalyptus wood.

4. CONCLUSIONS

The wood treated with pyroligneous liquor showed a similar 
basic density to the samples treated with CCB, where both 
showed less loss during the months of exposure, especially 
between months 4 and 5.

The samples treated with pyroligneous liquor showed less 
loss of mass and, consequently, greater strength in the static 
bending tests when compared to the untreated samples. The 
wood treated with CCB showed the lowest loss of mass and 
the highest strength.

The solubility in NaOH indicated that the fungi initially 
preferred wood treated with pyroligneous liquor, but at 
month 5, all the treatments were statistically equal. This 
demonstrates that, for the analyzed parameters, treatment 
with pyroligneous acid is an alternative product with a high 
potential for preserving Eucalyptus wood.

Based on the results obtained, it can be concluded that 
treating Eucalyptus wood with pyroligneous acid was similar 
to treatment with CCB and more efficient than untreated 
wood, especially for physical and mechanical properties.
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