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ABSTRACT

Background: Although bark is often considered undesirable in industrial applications, it is an integral
part of the tree and is always present. The objective of this study was to evaluate the quality of wood
and bark of Eucalyptus clones cultivated for medium density fiberboard production.

Results: Bark proportion ranged from 8.22% to 10.25%, and heartwood from 26.98% to 36.16%. The
basic density of wood ranged from 455 to 502 kg-m~3, wood with bark from 447 to 483 kg-m~3, and bark
from 342 to 368 kg-m~3. Bark showed higher extractive (8.59% to 13.21%) and holocellulose (67.70% to
71.43%) contents and lower lignin content (18.20% to 19.99%) compared to wood. pH values ranged
from 4.40 to 4.75, being higher in bark. Ash content was significantly higher in bark (1.64% to 2.21%)
than in wood (0.18% to 0.29%). The inclusion of bark in wood did not significantly affect density, pH, or
chemical composition, indicating its technical feasibility for MDF panel production.

Conclusion: The inclusion of bark in the wood of Eucalyptus clones did not cause significant changes
in basic density, chemical composition, pH, or ash content, confirming its technical feasibility for
MDF panel production. The most affected properties due to the presence of bark were extractive
and ash contents.

Keywords: lignocellulosic materials, engineered wood panels, residue utilization, biomass quality

HIGHLIGHTS

Wood with bark did not significantly change basic density;

Bark has more extractives and ash than wood and wood-bark mix;
Wood-bark mix keeps pH and chemistry within industrial standards;
Using bark avoids debarking and improves raw material use;

Wood with bark can be suitable for MDF production.
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INTRODUCTION

Bark covers the entire outer surface of trees and
plays essential roles in transporting organic sap, storing
nutrients, and protecting wood from environmental
hazards (Giannotas et al., 2021). In the wood processing
industry, bark is considered less valuable, and trees with
lower bark proportions are preferred, making bark content
a key variable in tree breeding due to its influence on usable
wood yield.

Bark's low basic density and high extractive content
negatively affect industrial operations by increasing fines
during chipping, occupying excessive space in digesters,
and, as reported by Tripathi et al. (2020), reducing pulp
yield while raising chemical consumption. High extractive
content also hinders resin curing in wood-based panels
(Minini et al,, 2017). Furthermore, ash, dirt, and sand in bark
pose additional challenges for the pulp and paper industry.

In 2022, Brazil's industrial sector consumed 182.0
million m* of Eucalyptus wood, with bark accounting for
approximately 6-18% of this volume (IBA, 2023). Although
often removed as waste, bark can be repurposed as
fuel, a source of fibers and chemical compounds, soil
amendments, tannin extraction for adhesives or as
feedstock for biorefineries (Dou et al., 2023; Pandey and
Pant, 2023; Demo et al., 2024; Niu et al.,, 2024; Puri et al,,
2024).

The base and top of trees typically have higher bark
proportions and thicker layers (Ramalho et al., 2019; Rocha
et al,, 2024). Wood from commercial Eucalyptus species has
higher basic density (400-600 kg-m~3) than bark (240-400
kg-m™?), due to greater porosity in inactive bark and lower
fiber content in active layers (Foelkel, 2005). Although bark
density also varies along the stem, it remains less studied.

To improve bark utilization, detailed chemical
analysis is crucial (Sartori et al., 2022). pH, though rarely
analyzed, significantly affects product quality in industries
using bark, such as wood panels and charcoal. Bark also has
high ash content (Supriyadi et al., 2025), which is associated
with pH and affects adhesive curing in reconstituted panels.

Bark should be valued for two main reasons: its
abundance as a by-product and its structural and chemical
diversity, enabling its use in ethanol production, decorative
applications, energy generation, and biorefineries (Neiva
et al, 2018). MDF panels have already been produced
using wood-bark mixtures, if logs are cleaned beforehand.
Even with bark, high-quality panels can be manufactured
(GoBwald et al., 2021), enhancing raw material efficiency
and industrial productivity. However, understanding bark’s
effects on processing and product quality is essential.

Recent technological and production advances in
the wood-based panel industry, driven by the need for
sustainability and raw material optimization, have increased
interest in bark use. Rising material costs have made bark
inclusion a promising alternative for MDF production,
with potential economic, industrial, and societal benefits
(Soratto et al., 2013).

Understanding bark'’s role in wood quality is critical
for maximizing resource use in engineered wood products

like MDF. While some studies have addressed bark
composition and bark-wood blends for pulping or energy,
few have evaluated their effects on critical properties
for MDF production, such as basic density, chemical
composition, pH, and ash content. This study is novel in
offering a detailed assessment of these properties in wood,
bark, and their mixtures across commercial Eucalyptus
clones, sampled along the stem. This comprehensive
approach supports optimized bark utilization in industry
and contributes new data for the sustainable, cost-effective
use of forest biomass.

Although bark is often considered undesirable in
industrial applications, it is an integral and unavoidable
component of the tree. However, the extent to which
wood-bark mixtures differ from wood alone in properties
relevant to MDF manufacture remains insufficiently
characterized. Based on the hypothesis that incorporating
typical proportions of bark does not cause significant
changes in chemical and physical properties that affect MDF
manufacture and quality, the objective of this study was to
evaluate the quality of wood and bark of Eucalyptus clones
cultivated for medium-density fiberboard production.

MATERIAL AND METHODS

Study area and sampling

Bark, wood, and wood-bark mixture samples from
four Eucalyptus clones (Table 1) were analyzed. These
included two hybrids of E. urophylla x E. grandis (C1 and
C2), one E. grandis clone (C3), and one E. urophylla clone
(C4), all harvested at six years of age from commercial
plantations in Sdo Paulo, Brazil, belonging to a company
producing MDF panels.

Between 2016 and 2022, the municipalities of
Lencdis Paulista (C1) and Agudos (C2, C3, and C4) recorded
average temperatures of 21.5 °C and 22.2 °C, and annual
precipitation of 1485 mm and 1411 mm, respectively.
According to the Koppen climate classification, both regions
fall under the Cfa category. Planting was carried out at a
spacing of 3.00 x 1.90 meters for clones C1, C2, and C3, and
3.00 x 2.00 meters for clone C4. All stands were managed
under similar silvicultural practices.

Five trees per clone were sampled, all within the
average diameter established by the partner company’s
most recent forest inventory, excluding the first two border
rows in the plots. A minimum stem diameter of 5 cm was
used to define the tree’s commercial tree height. Although
this average diameter is small, it is typical for Eucalyptus
species cultivated for the Brazilian forest-based industries.

From each tree, 3.5 cm-thick disks were collected
from five stem positions along the commercial height: 0%
(base), 25%, 50%, 75%, and 100%. Additionally, a disk was
collected at diameter at breast height (DBH), located 1.30 m
above ground level (Figure 1). Bark was carefully separated
from the disks using a metal knife for analysis, where they
would be used individually.
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The evaluated variables were analyzed in three
sample types: bark only (B), wood with bark (WB), and wood
only (W).

Determination of bark and heartwood proportions,
and sample preparation

Disks from all sampled positions were used to
determine bark and heartwood proportions. Each disk
was sanded using grit sizes 50, 80, and 120 grit sandpaper
to enhance visibility of internal regions, with the aid of an
aluminum orbital sander (Raimann, model RTST). Color
variation among bark, sapwood, and heartwood was used
for assessment, and water was sprayed to improve contrast,
particularly to highlight the heartwood region. Perpendicular
lines were drawn through the pith, encompassing the entire
disk diameter, to estimate the area of each section (Rocha et

al., 2024). For this analysis, each disk was considered as an
ideal circle. The total circular area of the disk was calculated,
as well as the area without bark and the area of heartwood
only. Heartwood proportion was calculated by dividing the
heartwood area by the total disk area (including bark) and
expressing the result as a percentage. The bark ratio was the
difference between the total disk area with and without bark.

Two 45° wedges were removed from each disk at
six different heights to assess basic density, main chemical
components, pH, and ash content. One wedge contained
both wood and bark, while the other had only wood, with the
bark from this second wedge removed for separate analysis
(Figure 1). Wedges were selected to avoid areas with knots,
cracks, or tension wood. Although the proportion of bark
and wood in each disk was known, subsequent analyses were
performed on the mixed wood-bark samples to better reflect
their natural condition and assess component interactions,
as well as to ensure sufficient material for all tests.

Table 1: Growth characteristics of four commercial Eucalyptus clones with cutting age of 6 years.

Clones Area (ha) Altitude (m) Total hight (m) Commercial hight (m) DBH__ (cm) BT (cm)
C1 14.42 737 25.33 22.22 19.12 0.25
C2 41.53 625 26.10 23.58 17.28 0.27
C3 10.62 619 27.02 24 .44 17.60 0.31
C4 10.19 644 24.78 22.92 14.04 0.27

DBH__: diameter at breast height, with bark, at 1.30 meters from the ground; BT. average bark thickness (cm).

N
100%

Disc
polishing

Bark and heartwood
measuring

75%
with bark
50% st
Bark

25%
DBH @ Basic wood density;

Chemical composition;
0% pH;

Ashes.

Figure 1: A) Sampling of disks at the base-top position; B) Analysis of the proportion of bark and heartwood
in the collected discs; C) Removal of bark, wood with bark and wood samples from the collected discs;
D) Samples evaluated in the study; E) Technological analyses conducted on the three types of analyzed

samples.
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Physical and chemical analyses

Basic density was determined following an
adaptation of ASTM D2395-17 (ASTM, 2017). Samples were
saturated in water until reaching constant weight (less than
0.1% difference between weighings conducted 24 hours
apart). Once the samples were saturated, their volume
was then measured on a balance, following Archimedes’
Principle. Afterward, the samples were oven-dried until
they reached a constant mass.

For chemical analyses (extractives, lignin, pH, and
ash), the samples were ground in a knife mill and then
sieved until reaching a particle size between 40 and 60
mesh, as per the TAPPI T 264 ¢cm-97 (1997) standard. The
classified sawdust was taken to the Soxhlet to determine
the total extractive content. Solubility was performed in
toluene and alcohol (2:1 ratio) for 5 hours, then in alcohol
for 4 hours, and finally in hot water for 1 hour, according to
TAPPI T204 cm-07 (2007) standard.

Lignin content was determined using the Klason
method, following Gomide and Demuner (1986). This
method involves hydrolysis of wood samples with
concentrated sulfuric acid (72%) under controlled
temperature, followed by acid dilution and a second
hydrolysis with heating. The insoluble lignin residue was
then filtered, washed with distilled water, oven-dried to
constant weight, and weighed. The lignin content was
expressed as the percentage of residue in relation to the
initial dry mass. Holocellulose content was estimated by
subtracting the combined extractive and lignin contents
from the total mass.

To determine pH, 5 g of sawdust was added to 150
mL of distilled water and refluxed for 60 minutes using a
Soxhlet apparatus. After cooling to room temperature
(25 °C), 50 mL of the extract was used for pH measurement
with a digital pH meter calibrated with pH 4 and 7 buffer
solutions, adapted from ASTM E70-07 (2015).

Ash content was determined by incinerating samples
in porcelain crucibles in a muffle furnace at 600 °C +10 °C.
The ash residue was weighed, and the ash content was
calculated as the ratio of the ash mass to the oven-dried
sample mass, according to ASTM D1762-84 (ASTM, 2021).

Data analysis

The data were analyzed using RStudio software,
version 4.0.2 (R Core Team, 2020). A completely randomized
design (CRD) was adopted, with the three sample types (bark,
wood with bark, and wood only) considered as the sources of
variation and individual trees treated as replicates. Normality
of the data was assessed using the Shapiro-Wilk test, and
homogeneity of variances was evaluated using Levene’s test.

One-way analysis of variance (ANOVA) was applied,
followed by Tukey's honestly significant difference (HSD)
test to identify significant differences among means. All
statistical tests were performed at a 5% significance level.
The range of variation in each property was calculated
as the absolute difference between the maximum and
minimum values observed in each comparison.

RESULTS

Differences in bark proportion among clones were
minimal, ranging from 8.22% (C1) to 10.25% (C3), resulting
in only slight variations across sampling positions relative
to the overall stem average, except at the 100% height
position, which consistently showed the greatest deviation
across all clones (Figure 2).

—8— %Bark —&— %Heartwood
——- %Bark average = — —- %Heartwood average
Clone 1 Clone 2

Bark: 8,22% (2,78%)

i Bark: 9,96% (4.47%)
‘Heartwood: 33,51% (24,09%)

Heartwood: 29 ,52% (22,04%)

0 10 20 30 40 50 600 10 20 30 40 50 60

Clone 3 Clone 4

Bark: 10,25% (4,13%) Bark: 9,85% (2,78%)
‘Heartwood:36,16% (23.81%) Heartwood: 26,98% (24.09%)

Base-to-top position (%)

|
|
DBH |
|

0 10 20 30 40 50 60 0 10 20 30 40 50 60
Proportion (%)

Figure 2: Variation along the stem of bark and heartwood
proportion of Eucalyptus clones.
Average values followed by standard deviation in parentheses.

Bark content was consistently higher at both the
base and top of the stem, displaying a similar vertical
distribution pattern among all clones. In general, the
bark proportion decreased from the base to 50% of the
commercial height, followed by an increase toward the
top (100%).

Heartwood proportion varied from 26.98% (C4) to
36.16% (C3), indicating a 10% difference among clones and
highlighting the substantial presence of sapwood. All clones
exhibited heartwood up to 75% of the commercial height,
although in smaller quantities in upper stem sections. The
50% height position had heartwood proportions closest to
the overall stem average for all clones.

Regarding vertical heartwood distribution, clones
C1 and C2 exhibited higher heartwood content at the
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base, with a slight decline up to 25%, followed by a more
pronounced decrease toward the top. In contrast, C3 and
C4 showed an increase from the base to diameter at breast
height (DBH), after which C4 declined toward the top, while
C3 increased up to 25%, followed by a gradual reduction
up to 100%.

Clone C1 exhibited the largest DBH, while C4 had
the smallest (Table 1), which may have contributed to the
lower heartwood proportion observed in C4. Clones with
thicker bark, as reported in Table 1, also exhibited greater
average bark proportions in the stem. The increased bark
content at the top of the stem does not necessarily indicate
thicker bark, as it may also reflect the natural reduction in
stem diameter at higher positions.

All clones, as well as the overall average, showed no
statistically significant difference in basic density between
wood (W) and wood with bark (WB). However, the basic
density of bark (B) was consistently lower and significantly
different from the other sample types, as confirmed by the
statistical analysis (Figure 3).

The four clones exhibited distinct basic densities
for wood (W), ranging from 455 kg-m™ in C4 to 502
kg-m™ in C2, and for wood with bark (WB), from 447
kg-m™ (C4) to 483 kg'm™ (C2). This indicates that the
inclusion of bark resulted in a narrower variation range
compared to W alone. Clones C1 and C2 presented
higher WB densities relative to the others, and a positive

correlation was observed between W and WB densities,
clones with higher wood density also tended to have
higher WB density.

For bark (B), basic density ranged from 342 kg-m™3
(C4) to 368 kgm™ (C3), a 26 kg'm™ difference among
clones. The inclusion of bark in the samples tended to
reduce density variation across clones. Interestingly, clone
C2, identified as having the highest W density, showed a
marked drop when bark was added, becoming one of the
clones with the lowest WB density.

Although some of these differences were not
statistically significant, the observed variations in basic
density (kgrm™) may impact industrial processes where
consistent raw material quality is critical (Table 2). The
inclusion of bark had little influence on the densities of
clones C1 and C3 but resulted in a notable increase of 51
kg'm™ in clone C4. The density gap between bark and
the other materials was substantial, ranging from 121
kg'm™ (C3) to 181 kg'm™3 (C2) compared to W, and from
100 kg-m™ (C3) to 156 kg-m™ (C2) compared to WB. As
expected, the difference between W and B was greater
than between WB and B.

The vertical variation in basic density from base
to top was similar for W and WB, except in clone C2,
which displayed distinct behavior in certain positions and
in saturation time. Due to its higher permeability, only B
samples reached saturation in a shorter period.

E-, Clone 1 Clone 2 Clone 3 Clone4 General average
¥ 502 A
= 550 5 4744 A A AR5
.‘E‘ 500 3 487 A 466 A 455 A
@ ] 452 A 447 A
= 450
o 353 B 368 B
-g 400_E 346B 249 B 3528
S 350 3
2300 -
o W WB B W WB B W WB B W WwB B W WB B

Figure 3: Basic wood density of the samples by clone and the overall average of the Eucalyptus clones.
W: basic density of the wood (Kg m); WB: basic density of the wood with bark (Kg m); B: basic density of the bark (Kg m). Error
bars correspond to the standard deviation. Means followed by the same uppercase letter per clone do not have significant differences

according to Tukey’s test (p = 0.05).

Table 2: Range of basic density variation performed with different samples of Eucalyptus.

Range of basic density (Kg m)

Samples C1 (674 C3 C4 Overall average
Wood x Wood with bark 30 42 33 51 88
Wood x Bark 149 181 121 148 185
Wood with bark x Bark 134 156 100 139 160

A = absolute difference between the trees with the highest and lowest values of basic density, belonging to the samples within each clone and considering
all clones together (overall average). W: wood; WB: wood with bark; B: bark.

5
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On average, clones showed a decline in basic density
from the base to diameter at breast height (DBH), followed
by an increase up to 75% of commercial height, and then
a decrease toward the top (100%). The highest densities
occurred at 75%, 50%, and 100% of the stem for W, WB, and
B, respectively. The 25% position was closest to the overall
average for WB and B, while for W, the 100% height position
was the most representative of the clone average.

Regarding bark density, the overall average showed
a consistent upward trend from base to top. Across all
positions, W density remained higher than WB density
(Figure 4).

The basic density of bark (B) was consistently
higher in the apical regions (75% and 100%) of the stem.
This pattern was also observed for wood (W) and wood
with bark (WB), resulting in denser material in the upper
half of the stem (50% to 100%). The lowest densities were
recorded in the basal regions (base and DBH) for all three
sample types, except for clones C1 and C4, which showed
lower W density at the 100% height position. In general, the
difference in basic density between W and B was smaller
in the upper regions of the stem for all clones, except C2.

—e— —&— WBD
—.—— —— W BD Average

Clone 1

@
T &
L

(=]
—_—
|

—8— —&— WBBD
——— ——- WB BD Awerage

Regarding chemical analyses, there were no
statistically significant differences in extractives, lignin,
and holocellulose content between W and WB samples,
based on the overall average across clones. In contrast,
the B sample differed significantly in all analyzed chemical
components when compared to W and WB.

On average, the bark (B) samples exhibited higher
extractive and holocellulose contents and lower lignin levels
than both W and WB samples (Figure 5). These findings
reinforce the distinct chemical nature of bark, which may
influence processing and product quality in industrial
applications such as fiberboard manufacturing.

When analyzed individually, each clone showed
no significant difference in extractive content between the
wood (W) and wood with bark (WB) samples. However,
the bark (B) samples consistently differed from W and WSB,
except for clone C4, where B and WB presented similar
extractive levels. Extractive content in W ranged from
4.43% (C4) to 4.75% (C1), a small variation of 0.32% among
clones. In WB, the extractive content ranged from 4.89%
(C2) to 5.75% (C4), with a 0.86% difference. In contrast, the
B samples showed a wider range, from 8.59% (C4) to 13.21%

—&— —@— BBD
—————- B BD Awerage

Clone 2

Clone 3

300 400 500 600 300

Clone 4

Base-to-top position (%)

400 500 600

300 400 500 600

Overall average

300 400 500 600

300 400 500 600

Basic density (Kg m'3)

Figure 4: Variation in the basic wood density of Eucalyptus clones along the stem and overall average.
BD W: basic wood density (Kg m2); BD WB: basic density of wood with bark (Kg m2); BD B: basic density of the bark (Kg m3).
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(C2), a 4.62% difference, highlighting greater variability.
Across all clones, B consistently exhibited the highest
extractive content, while W had the lowest.

For lignin content, a similar pattern was observed.
No significant differences were found between W and WB
within each clone, whereas B always showed significantly
lower lignin content. In W, lignin ranged from 26.61% (C2)
to 28.43% (C4), a 1.82% difference. WB values ranged from
26.43% (C2) to 29.82% (C1), increasing the inter-clone
variation to 3.39%. B samples ranged from 18.20% (C1) to
19.99% (C4), a difference of 1.79%.

Holocellulose content showed more pronounced
inter-clone variation. Most clones had the highest
holocellulose content in the B sample, except for C2. No
consistent trend was observed for the sample with the lowest
holocellulose content; however, an inverse relationship
between extractives and holocellulose was noted, higher
extractive levels corresponded to lower holocellulose.
For W, values ranged from 66.86% (C1) to 68.81% (C2), a
1.95% difference. WB values ranged from 65.24% (C1) to
68.68% (C2), with a 3.44% difference. In B, the holocellulose
content ranged from 67.70% (C2) to 71.43% (C4), a 3.63%
variation. Clones with higher contents of extractives, lignin,

I B Extractives (%)

B 7 Lignin (%)

or holocellulose in W did not necessarily exhibit the same
trend in WB or B.

As observed for basic density, chemical component
differences were not only statistically significant but also
varied in percentage terms (Table 3). On average, the
addition of bark to W (creating the WB sample) altered the
chemical properties by less than 7%. The most substantial
changes occurred when comparing B to the other two
sample types, particularly in extractive and lignin contents.

Regarding pH, no significant difference was
observed between W and WB, based on the overall
clone average. However, B samples consistently differed
from the others. In both the overall and individual clone
comparisons, W samples exhibited the lowest pH values,
while B samples had the highest, except in clone C4, where
W and WB showed the lowest pH values. Across all clones,
WB pH values consistently fell between those of W and B
(Figure 6).

Among the four clones, only C1showed a statistically
significant difference in pH across all three sample types.
Clones C2 and C4 exhibited identical average pH values
among the samples, while C3 mirrored the general behavior
observed in the overall clone average.

1 Holocellulose (%)

Clone 1 Clone 2 Clone 3
100 o
80
60 ] 6 86AH |65.248 |70,03A 68.81A| [68,68A| [67.70A 6T 25A| |67 A5A| |68.8TA
40 -
20 - 26,39A| |29.82A| |18,208 26,614 |26 43A| |19.09B 28,07A| [27,15A| |18,81B
e .
gg 0 __E@JHFIHM_ M
,15:: W WB B w  WB B W WB B
4 Clone 4 Overall average
2] 100 —
o ]
80
60 _: 67,15B| [65,97B| [7143A
40
20 -  |28.43a| [ps28A| |19.998
0 1 kmpe ) BN
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Figure 5: Chemical composition of the samples by clone and the overall average of the Eucalyptus clones. W: wood
samples; WB: wood with bark samples; B: bark samples. Means of each variable followed by the same uppercase
letter, per clone, do not differ significantly according to Tukey'’s test (p = 0.05).
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Table 3: Variation ranges among the chemical properties of different Eucalyptus samples.

Chemical composition range (%)

Samples C1

Cc2 C3 C4 Overall average

Total extractives - solubility in alcohol-toluene, alcohol, and hot water (%)

Wood x Wood with bark 0.60 2.14 3.41 3.16 3.59
Wood x Bark 1.27 10.82 9.75 7.52 1.71

Wood with bark x Bark 10.93 10.09 9.32 7.96 1.72

Total lignin (%)

Wood x Wood with bark 4.43 2.57 3.45 2.06 5.89
Wood x Bark 12.58 1.00 1.52 10.37 13.34

Wood with bark x Bark 13.62 10.63 9.69 9.84 14.37

Holocellulose (%)

Wood x Wood with bark 4.34 2.70 2.22 4.20 6.56
Wood x Bark 8.07 3.55 4.85 6.91 8.63

Wood with bark x Bark 8.86 3.41 3.24 9.563 9.53

A = absolute difference between the trees with the highest and lowest values of extractives, lignin, and holocellulose, within each sample and considering

all clones together (overall average).

T Clone 1 Clone 2 Clone 3 Clone 4 Overall average
= 473 A
= 50 475A AT0A 4,70 A 444 A 4 5643'65A
= ] 4578 463A 450B 448 A i
€ 45 3440¢C flls A .
-
& 49 7
c 3
g,‘ 5
g 35 E
b 4|
;;. 3,0 -
W WB B W WB B W WB B W WB B W WB B

Figure 6: Hydrogen potential (pH) of samples by clone and the overall mean of Eucalyptus clones.
W: pH of wood; WB: pH of wood with bark; B: pH of bark. Error bars correspond to the standard deviation. Means followed by the same uppercase letter

per clone do not have significant differences by Tukey’s test (p = 0.05).

The pH of W samples ranged from 4.40 (C1) to 4.63
(C2), a variation of 0.23 units among clones. For WB samples,
pH ranged from 4.48 (C4) to 4.70 (C2), a 0.22-unit difference.
The B samples showed the widest range, from 4.44 (C4) to
4.75 (C1), with a 0.31-unit difference among clones.

Regarding ash content, neither the overall average
nor individual clones showed statistically significant
differences between W and WB samples. However, B
samples consistently presented significantly higher ash
content in all clones. In absolute values, W samples always
exhibited the lowest ash content, while WB samples showed
intermediate values, closer to those of W (Figure 7).

The ash content in W ranged from 0.18% (C3) to
0.29% (C2), a difference of 0.10%. In WB, values ranged
from 0.28% (C4) to 0.40% (C1), a difference of 0.12%. For
B, ash content varied from 1.64% (C4) to 2.21% (C2), with
a substantial 0.57% difference among clones. These results
confirm that bark contributes significantly to increasing ash
content in composite wood-bark materials.

The overall average pH difference between W and
B samples was 0.52 units. When bark was added to wood
(WB), the pH difference relative to W alone was smaller, at
0.48 units. For ash content, the difference between W and
WB samples was 0.30%. In contrast, the difference between
W and B was notably larger for ash content, highlighting
a significant disparity in this property when measured in
wood alone versus bark (Table 4).

DISCUSSION

The consistent absence of significant differences
between wood (W) and wood with bark (WB) in most of
the variables evaluated reinforces the reproducibility of the
results and the stability of the experimental design. The use
of multiple comparisons allowed the identification of subtle
but significant trends, such as the lower density and higher
extractive content in bark (B), providing quantitative support
for the technological interpretations discussed below.
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Figure 7: Ash content of samples by clone and the overall mean of Eucalyptus clones.
W: ash content of wood (%); WB: ash content of wood with bark (%); B: ash content of bark (%). Error bars correspond to the standard deviation. Means
followed by the same uppercase letter per clone do not have significant differences by Tukey'’s test (p = 0.05).

Table 4: Variation ranges between pH and ash content in different Eucalyptus samples.

Chemical composition range (%)

Samples C1 C2 C3 C4 Overall average
pH
Wood x Wood with bark 0.32 0.34 0.14 0.24 0.48
Wood x Bark 0.47 0.38 0.47 0.20 0.52
Wood with bark x Bark 0.31 0.22 0.37 0.27 0.43
Ashes (%)
Wood x Wood with bark 0.23 0.27 0.18 0.14 0.30
Wood x Bark 1.94 2.59 2.15 1.95 2.60
Wood with bark x Bark 1.80 2.46 2.01 1.87 2.51

A = absolute difference between the trees with the highest and lowest pH
all clones together (overall mean).

The average bark proportion in the evaluated clones,
ranging from 8% to 10% of stem volume, is consistent with
values reported for Eucalyptus species of similar age (Rocha
et al, 2024; Santos et al,, 2024). While often regarded as
undesirable in industrial processing, bark is relevant to the
wood supply chain and may be used for energy generation
or left on-site, depending on the harvesting system. In
MDF panel production, the use of wood with bark (WB)
eliminates the debarking step and improves raw material
efficiency. The clones assessed were cultivated specifically
for MDF manufacturing, a sector challenged by raw material
scarcity and elevated costs. Under the conditions tested,
bark inclusion did not compromise panel quality. However,
the threshold of bark content compatible with performance
requirements remains uncertain and is influenced by
factors such as panel density, surface characteristics, pH,
mechanical properties, and fiber bonding.

Despite potential operational challenges, such
as increased fines, bark clumping during chipping and
classification, and chip screen clogging (Foelkel, 2005), the
inclusion of bark may be justified by improvements in raw
material efficiency, process streamlining, and cost reduction,
particularly when product quality remains unaffected.

and ash content, belonging to the samples within each clone and considering

Supporting this, Soratto et al. (2013) observed that
incorporating bark in Eucalyptus particleboards did not
significantly impact physical or mechanical properties,
except for increased water absorption and thickness
swelling. These findings highlight the potential for bark
to be effectively utilized in panel manufacturing without
compromising product performance.

A similar vertical pattern in bark proportion along
the stem, close to the overall average, was reported by
Ramalhoetal. (2019) and Rocha et al. (2024). While positional
differences in bark content are not extreme, they can range
from 8% to 12% in sections with lower bark presence and
up to 20% to 25% in regions with higher proportions,
especially in younger Eucalyptus trees (Foelkel, 2005). The
greatest deviations from the average were observed in the
apical regions, where the relative bark proportion is higher
due to the natural tapering of the stem.

In this study, bark distribution exhibited a consistent
pattern across all clones, with higher proportions at the
stem base, a decrease toward the middle, and a subsequent
increase at the top. This trend aligns with findings from
previous studies on young Eucalyptus trees (Ramalho et al.,
2019; Rocha et al., 2024).
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The elevated bark content at the base is associated
with the accumulation of dead phloem between successive
periderm layers, an anatomical adaptation enhancing
protection against environmental stress. In contrast, the
apical region’s higher bark proportion is linked to reduced
stem diameter, absence of heartwood, and the physiological
demand for efficient upward transport of organic sap. The
mid-trunk region, by comparison, shows a more balanced
bark-to-wood ratio, reflecting a functional equilibrium
between transport capacity and the quantity of active living
bark (Foelkel, 2005).

Heartwood proportion decreased from the base to
the top of the stem, reflecting the progressive dominance of
newly formed wood layers toward the upper regions. This
pattern results in a higher concentration of juvenile wood at
the top, whereas heartwood, associated with tree maturity,
predominates in the older, basal portions of the stem.

In the present study, the heartwood content ranged
from 26.98% to 36.16%, in agreement with the values
reported for the same clones grown in different regions
(Almeida et al., 2022; Camara et al., 2023). The 50% height
position yielded heartwood proportions closest to the
whole-tree average, a trend also observed in Eucalyptus
urophylla at age seven (Rocha et al., 2024). For the genetic
materials evaluated at six years, heartwood formation
extended up to 75% of commercial height, corroborating
findings by Camara et al.(2023) and Rocha et al. (2024).

Heartwood proportion also tends to be higher in
clones with greater volumetric productivity and larger
diameters at breast height, as seen in clones C1and C3. This
is because as tree diameter increases, the area composed
of heartwood expands proportionally.

The moderate bark proportion (8-10%) observed
indicates a balance between residue utilization and the
technological stability of the material. Within this range, bark
inclusion does not compromise performance and reduces
industrial steps such as debarking. Bark contents below
20% maintain physical and mechanical properties within
acceptable standards, provided that pressing conditions
and adhesive curing are properly adjusted (Morandini et al,,
2025). Therefore, the partial utilization of bark represents a
sustainable and economically advantageous alternative for
the wood panel industry.

In Eucalyptus wood, the heartwood region typically
exhibits higher extractive content and a greater occurrence
of vessel obstructions (e.g., tyloses) (Camara et al.,, 2023;
Santos et al., 2021), which can impair pressing and fiber
separation during MDF manufacturing. Conversely,
sapwood presents higher basic density (Santos et al., 2021),
directly affecting the panelOs compression ratio.

Although a positive correlation between bark
thickness and bark proportion was observed, this
relationship is not always consistent. For example, Ramalho
et al. (2019) reported that increased spacing in E. urophylla
x E. grandis at age five resulted in thicker bark but a lower
bark proportion. Bark thickness tends to decrease from the
base to the top of the tree, whereas bark proportion is often
higher at both extremities, since it is calculated relative to
stem diameter.

Wood basic density (W) was consistently higher than
bark density (B), corroborating findings by Jesus et al. (2019) in
an E. grandis x E. urophylla clone at eight years, and Almeida
et al. (2022) across multiple Eucalyptus clones of similar age.
This disparity is primarily due to bark’s higher porosity and
lower fiber content, especially within the inner living layers
responsible for extractive storage and sap conduction. These
tissues lack the thick secondary cell walls characteristic of
xylem, which provides mechanical support to the tree (Foelkel,
2005). Moreover, inner bark comprises substantial primary
tissues and sieve elements, typical of juvenile trees.

The higher basic density observed in wood (W)
compared to wood with bark (WB) is attributed to the
presence of bark (B), which tends to reduce overall density.
In the evaluated clones, bark constituted up to 10% of the
stem volume, resulting in an approximate 2.5% decrease in
basic density when bark was included. Data on bark density
remain limited, with previous studies reporting values
between 290 and 340 kg'm~ (Rocha et al., 2018; Jesus et
al., 2019; Almeida et al., 2022). The WB density values found
in this study fell within the typical range for Eucalyptus
wood (400-600 kg:m~3) (Foelkel, 2005). Thus, although bark
exhibits lower basic density than wood, its proportion in
the stem was insufficient to significantly reduce the overall
basic density of the WB material.

The similarity between the basic densities of wood
(W) and wood with bark (WB) reinforces that the moderate
addition of bark does not significantly affect panel compaction
or its mechanical behavior. This maintains industrial feasibility
by preventing increases in mass and energy consumption
during processing. The granulometric control of bark particles
can optimize absorption and internal bonding properties
(GoBwald et al., 2024), indicating that the balanced use of WB
is technically promising for MDF production.

The incorporation of bark (B) into wood (W) for
industrial use can improve operational efficiency by
reducing time, costs, and labor, provided it does not impair
product quality. In MDF panel production, where the ideal
basic density of wood ranges from 300 to 500 kg-m™
(Maloney, 1989), the WB densities observed in this study
were within the acceptable range and similar to W. Likewise,
Soratto et al. (2013) found no significant differences in panel
density with up to 24% bark inclusion.

The proportional relationship between the basic
density of W and WB is explained by the greater volumetric
presence of W in the composite wedge samples. Thus,
clones with denser W also resulted in denser WB. However,
this trend did not extend to B alone, clones with higher W
density did not necessarily produce bark with higher density.
This observation is attributed to the distinct anatomical
structures of wood and bark tissues.

The base-to-top variation in basic density of wood
with bark (WB) mirrored that of wood alone (W), a pattern
typical in Eucalyptus species characterized by higher values
at the base, a decline at breast height (DBH), and variable
trends toward the apex (Rocha et al., 2024). However, in
some clones, the basal position did not exhibit the highest
W density. Bark (B) displayed a distinct trend, with few
studies addressing its basic density variation along the stem.
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In this study, both clone-specific and overall data
indicated a consistent increase in bark density from base
to apex. Elevated basic density values were observed
in the upper half of the stem (50-100%) for W, WB, and
B, reflecting the structural demands of these regions to
support the canopy and withstand mechanical stress from
wind, leading to localized densification of tissues.

Although B exhibited a distinct chemical profile
compared to W, with significant differences in extractive,
lignin, and holocellulose contents, its limited proportion in
the stem (8-10%) was insufficient to significantly alter the
chemical composition of WB. These results further support
the industrial feasibility of using bark together with wood,
eliminating the debarking stage in certain processing
contexts.

Bark (B) exhibits high levels of extractives and
holocellulose, as previously reported for Eucalyptus species
and E. globulus (Miranda et al., 2012). These compounds
are primarily associated with bark’s defensive role against
biotic stress. This chemical composition is accompanied by
reduced lignin content, which also differs structurally from
wood lignin due to its lower methoxyl group concentration
(Foelkel, 2005).

Clones exhibiting higher levels of extractives,
lignin, or holocellulose in wood (W) did not necessarily
display similar trends in wood with bark (WB) or bark (B),
underscoring variability among stem components. The
absence of significant chemical differences between W
and WB, alongside the minimal influence of bark inclusion,
supports the industrial use of WB from these clones in
engineered wood panel production.

The chemical stability observed in WB suggests
that the bark fraction was insufficient to significantly alter
the lignin, extractives, and holocellulose contents. This
consistency is essential to maintain adhesion and panel
stability, as excessive chemical variations can interfere
with resin curing. Minor chemical changes, when properly
controlled, do not impair industrial performance and can
be compensated for by pre-extraction treatments (Shirosaki
et al, 2022; Morandini et al., 2025).

The optimal concentration of wood chemical
constituents for MDF manufacturing remains undefined.
Increased lignin content may improve particle bonding,
whereas higher extractives enhance dimensional stability
but potentially impair adhesive effectiveness. Holocellulose,
being hygroscopic, influences moisture uptake and
consequently panel durability.

The overall pH values of W and WB were similar
among clones, reinforcing that the bark content (8-
10%) was insufficient to significantly alter the chemical
balance of the sample. All three sample types exhibited
acidic pH values, which are typical for Eucalyptus
species (lwakiri, 2021).

Wood pH is expected to be higher than bark pH
due to active cambial divisions between wood and inner
bark (Minini et al, 2017). However, in this study, most
clones exhibited more acidic wood compared to bark, a
pattern also observed by Minini et al. (2017) and possibly
influenced by genetic origin and tree age. The higher

extractive content in bark may contribute to its elevated
pH. Consequently, inclusion of bark in wood with bark (WB)
slightly increased the composite material's pH, consistent
with previous reports.

The pH values obtained align with ranges typically
reported for Eucalyptus species. Protdzio et al. (2023)
reported similar wood pH values for the same species at
six years, while Minini et al. (2017) recorded pH ranges of
4.46-4.86 for WB and 4.27-4.96 for bark, closely matching
the averages found herein.

All sample types presented pH values within the
expected range for wood from 3.0 to 6.0 (Souza et al., 2017)
and the optimal range for MDF production, from 3.0 to 5.5
(Kelly, 1977). No significant pH differences were observed
between wood (W) and wood with bark (WB), indicating that
both materials are suitable for panel manufacturing. This
compatibility may contribute to reduced processing time,
cost, and labor. Extremely low pH can lead to premature
resin curing, while higher pH values require increased
catalyst levels to ensure proper bonding (lwakiri, 2021).

The proportion of bark (B) in the evaluated clones
was insufficient to significantly alter the ash content of wood
(W), as no statistically significant differences were observed
between W and wood with bark (WB). However, bark alone
exhibited higher ash content (Sartori et al., 2022), attributed
to elevated levels of extractives and inorganic compounds
involved in plant defense mechanisms.

For all three sample types analyzed in this study, ash
content followed the general trend reported for commercial
Eucalyptus, not exceeding 1% for W (Minini et al., 2017;
Santos et al, 2024). These discrepancies are attributed
to differences in age, genetic material, provenance,
fertilization, and soil conditions, as ash content tends to
increase with tree age.

The small difference in ash content between W and
WB, combined with the absence of statistical significance,
adds further support for using WB in industrial applications.
For instance, in the production of high-quality charcoal,
ash content should not exceed 1.50% (S&o Paulo, 2015). In
the case of reconstituted wood panel production, an ash
content of up to 0.50% is considered acceptable, as high
levels of inorganic compounds can influence panel pH,
thereby affecting glue line cohesion and the mechanical
performance of the final product (lwakiri, 2021).

The ash contents observed in the clones studied in
this work fall within the acceptable ranges for these industrial
uses, reinforcing the viability of utilizing WB as a raw material
in both charcoal and panel production processes.

The slight increase in pH and the small rise in
ash content do not compromise resin curing or glue line
cohesion. Moreover, minerals present in the ash may act as
beneficial catalysts in polymerization reactions (Cunha et al,,
2024). Thus, the inclusion of bark in moderate proportions
proves to be technically safe and advantageous for industrial
processes involving reconstituted wood panels.

Statistical analyses using ANOVA and Tukey's
test revealed consistent and well-structured patterns
among the variables evaluated, reinforcing the reliability
of the data set. The absence of significant differences
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between wood (W) and wood with bark (WB) for most
properties indicates a high degree of homogeneity
between treatments. These results also highlight that
the variance within groups (residual variance) was low,
increasing confidence in the observed mean values and
the robustness of the comparisons.

The coefficients of variation obtained indicated good
experimental precision. Furthermore, the clear separation
of bark (B) from other sample types in the Tukey test
corroborates the biological and technological distinction of
bark tissue, while the overlap between W and WB reinforces
that the inclusion of bark does not significantly affect the
main technological parameters.

CONCLUSION

The combination of wood and bark in Eucalyptus
clones caused no significant changes in basic density,
chemical composition, pH, or ash content. These results
support the use of wood with bark (WB) for MDF
production, provided processing efficiency and panel
quality are maintained. This approach avoids debarking,
reducing operational costs and improving raw-material
utilization. Bark alone showed higher ash and extractive
contents, limiting its use in pulping but favoring
applications in energy generation, soil coverage, and
biorefinery processes. WB followed the same base-to-
top density pattern as wood, ensuring predictability in
industrial operations.
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