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ABSTRACT

Furfurylation, a renowned chemical modification technique, uses furfuryl alcohol to enhance the properties of
wood. This technology can be further refined by incorporating renewable tannins, which promote cross-linking
with furfuryl alcohol. This study investigates the effects of furfurylation and tannin-modified furfurylation on the
physical and mechanical properties of tropical Gmelina wood (Gmelina arborea Roxb.). Experiments involved
impregnating Gmelina wood with aqueous solutions of furfuryl alcohol (FA) at 40% and 70% concentrations,
as well as FA-tannin combinations (FA 40%-TA and FA 70%-TA), followed by polymerization at 103°C. The
results demonstrated that both FA and FA-tannin treatments significantly improved the wood’s physical and
mechanical properties. Notably, FA-tannin treatments achieved anti-swelling efficiency comparable to FA alone.
However, the addition of tannins (FA 70%-TA) enhanced leaching resistance by up to 47%, contributing to a
more environmentally sustainable modification process. Mechanically, the inclusion of tannins in FA 70%-TA
slightly increased the modulus of elasticity (14%~8732 kg/cm®) and the modulus of rupture (9%~40.9 kg/cm®).
Furthermore, the tannin addition imparted a darker color to the modified wood, enhancing its aesthetic appeal.
This study highlights the potential of tannin-modified furfurylation to advance wood modification technology,
combining improved performance with environmental benefits.
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1 Introduction

Wood is a fundamental forest product widely utilized in the construction of buildings, furniture, and
various wood-based products in the woodworking industry. However, despite the high demand for wood,
its production, particularly from natural forests, is declining [1]. Between 2021 and 2022, deforestation in
Indonesia was recorded at 104 thousand hectares [2], and as of May 2024, 89.17% of wood production
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originated from Industrial Plantation Forests (HTI) [3], which primarily utilizes fast-growing wood species.
Although these species are rapidly renewable, they possess certain limitations due to their inferior properties.
To address the challenge of enhancing these properties while also reducing deforestation, wood modification
technology has emerged as a promising solution. This technology can extend the useful life of wood and
reduce the need to frequently replace wood products serving similar functions.

Wood modification technology has been developed to overcome the inherent limitations of wood by
enhancing its dimensional stability, reducing water absorption, improving wood strength, and increasing
resistance to decay, while taking into account the environmental impact of modified wood products.
Among these technologies, thermal treatment has proven effective in improving wood quality, particularly
by enhancing dimensional stability and protection systems without the use of biocides [4]. However, this
method, particularly when treatment exceeds 200°C, may lead to the degradation of hemicellulose, a
critical component that cross-links cellulose and lignin in wood cell walls, thereby negatively affecting
the mechanical properties of the wood. At low to moderate thermal modification temperatures (around
170°C), bending strength, shear strength parallel to the grain, and tensile strength tend to decrease, while
compressive strength parallel to the grain and modulus of elasticity increase [5—8]. Despite these
considerations, this modification method remains favorable in certain market segments due to its
economic viability, environmental benefits, and other advantages [9—12].

In addition to thermal treatment, chemical modification offers another alternative for improving wood
quality by impregnating it with active chemicals. Extensive research has explored various chemical
modification techniques, including esterification through acetylation [13,14], polyester formation [15-19],
and polymerization processes using substances such as polystyrene [20,21], methyl methacrylate [22-24],
furfuryl alcohol [25-29], and polyfurfuryl alcohol-tannins [30]. While numerous methods have been
explored, only a few, such as acetylation, furfurylation, and polymer formation (using phenol
formaldehyde, melamine formaldehyde, and DMDHEU [1,3-dimethylol-4,5-dihydroxyethylencureal),
have been successfully scaled for industrial applications [4,10] although the cost of modified wood
products remains a key consideration and limits their use to specific applications. Even so, most of these
chemically modified woods demonstrate enhanced performance in terms of physical, mechanical, and
durability properties, particularly their resistance to termites [4,10]. Other industrially applied wood
modification techniques include treatments with inorganic solutions, surface charring, and wood
densification, though these nowadays still cover niche market [10].

Given the renewable nature of materials and the promising properties of furfurylation using
furfuryl alcohol (FA), this method has attracted significant interest for further development in the field of
wood modification. Furfurylation is a chemical modification technique that imparts superior properties to
wood, such as resistance to wood-destroying organisms, enhanced hardness, and improved dimensional
stability [14,29,30]. However, research on this technique remains limited, particularly for tropical
wood species found in Indonesia [29]. Furthermore, the development of methods to enhance the
reactivity of furfuryl alcohol during the process, thereby facilitating its intensive polymerization and
improving the leaching resistance of the resulting furfurylated wood, particularly in combination with
renewable tannins, is still in its early stages. Therefore, this study aimed to evaluate the effects of
incorporating tannins into existing furfurylation technology on the physical and mechanical properties of
the resulting modified wood.

2 Experimental

2.1 Raw Material

The wood species used in this study was Gmelina wood (Gmelina arborea Roxb.), sourced from logs
approximately 7 years old, harvested from Cinangneng Village, Bogor District, Indonesia. A readily
available tannin extract solution (with a solid content of 2.01% and a pH of 4.00) was obtained from
mahogany wood bark. The bark was previously collected from a sawmill industry in Ciamis, West Java,
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Indonesia. The extraction process, as described by Santoso and Abdurachman [3 1], involved boiling the bark
in water at a mass ratio of 1:3 at 70°C—80°C for three hours, with the procedure repeated twice to maximize
extraction. Furfuryl alcohol (FA) with a purity of 97% or greater and citric acid monohydrate with a purity of
98% or greater were both obtained from Merck (Sigma-Aldrich) for use in the wood modification
experiments.

2.2 Sample Preparation

Gmelina wood logs were prepared for mechanical property testing following the DIN 52186 (1978)
standard [32]. The logs were cut into clear samples measuring 20 cm (longitudinal/L) x 1 cm
(transversal/T) x 1 cm (radial/R), with a total of 25 samples prepared for the tests. The physical
properties of the wood were assessed according to the BS 373:1957 standard [33], while the leaching test
was conducted in accordance with the EN 84 (1997) standard [34]. For these tests, the sample size was
modified to measure 1 cm (L) x 2.5 cm (T) x 2.5 cm (R), with 25 samples used for each test.
Additionally, color testing was carried out using the samples measuring 20 cm (L) x 5 cm (T) x 1 cm (R).

2.3 Preparation of Impregnation Solution

The wood samples were dried in an oven at 103°C for 48 h to obtain their initial weight (W) and volume
(Vo). After drying, the samples were placed in a vacuum machine. A solution of FA with a 3% w/w citric acid
catalyst was then impregnated into the gmelina wood samples. The formulation of the impregnation solution
was as follows (Table 1).

Table 1: Formulation of impregnation solution

Treatment ID Impregnation solution

FA40TA Furfuryl alcohol 40%* + Tannin solution + 3% citric acid
FAT0TA Furfuryl alcohol 70% + Tannin solution + 3% citric acid
FA40 Furfuryl alcohol 40% + Water + 3% citric acid

FA70 Furfuryl alcohol 70% + Water + 3% citric acid

Note: *percentage was based on the weight/weight.

The impregnation system was initially subjected to a vacuum of 0 MPa for 1 h. The system was then
brought back to room conditions and pressurized to 1 MPa for 2 h. After the vacuum and pressure
process was completed, the system was returned to room conditions, and the wood samples were left to
soak for 48 h to maximize the penetration of the impregnating solution into the wood.

Next, the wood was removed from the impregnation chamber, drained of excess solution, weighed, and
its volume was measured. The impregnated wood was then left to stand for approximately three days at room
temperature (£27°C; 70% relative humidity) to reduce the water content. Afterward, the samples were
wrapped in aluminum foil and dried in an oven at 103 + 2°C for 48 h. The wood samples were then
removed from the oven, weighed to obtain the final weight after modification (W1), and their dimensions
were measured.

Subsequently, the modified wood samples were conditioned indoors for two weeks before further
characterization. For comparison, some untreated wood samples (control wood) were also prepared
without impregnation.

2.4 Characterization

2.4.1 Impregnation Effectiveness
To determine the effectiveness of the impregnation process, solution uptake, swelling, weight percent
gain (WPQG), and bulking effect (BE) were determined.
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2.4.2 Solution Uptake
The solution uptake was determined by measuring the weight of the sample after impregnation and that

in the oven-dried condition before impregnation. Solution uptake was calculated using Eq. (1):

Wy — Wy

Solution uptake (%) = 7
0

x 100 (1)

where W, is the dry weight of the sample before impregnation, and W is the wet weight of the sample
immediately after impregnation.

2.4.3 Swelling Value
The swelling value is determined by comparing the volume change and the difference between oven-dry
conditions (V) and conditions after the impregnation process (V) using Eq. (2) below:

Vi—"Vo
Vo

Swelling value (%) = x 100 )

where ¥ is the initial dry volume of the sample before impregnation, and V; is the wet volume of the sample
immediately after impregnation.

2.4.4 Weight Percent Gain (WPG)
Weight percent gain (WPGQG) is the weight gain percentage due to the modification process/furfurylation.
The WPG value was calculated using Eq. (3):

Wy — W
0

WPG (%) = x 100 3)
where W, is the dry weight of the sample before impregnation, and W, is the dry weight of the sample after
modification.

2.4.5 Bulking Effect
The bulking effect is the percentage volume difference of the sample in oven-dry conditions before and
after modification. The bulking effect was calculated using Eq. (4) below:
V="

Bulking (%) = o 100 “4)

where ¥ is the initial dry volume of the sample before impregnation, and V> is the dry volume of the sample
immediately after modification.

2.5 Physical Properties of Modified Wood (Furfurylated Wood)

2.5.1 Moisture Content

Moisture content (MC) was determined after conditioning the samples, either control or modified, for at
least two weeks at room temperature (£27°C; 70% RH). The test sample was first weighed to obtain the initial
weight (BA) and then dried at 103 + 2°C until a constant weight was achieved. Moisture content was
calculated using Eq. (5) below:

Wi — W,
2 *x
>

MC (%) = 100 (%)

where W, is the dry weight of the sample, and W3 is the weight of the sample after conditioning.
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2.5.2 Density
The density was determined by measuring the weight and volume of the samples after conditioning. The
density was calculated using Eq. (6) below:

Density (g/cm’) = % (6)

where W3 and V5 are the weight and volume of the sample, respectively, after the conditioning period.

2.5.3 Water Absorption
Water absorption (WA) was determined by measuring the weight of the modified wood samples before

and after 24, 48 h, and 14 days of soaking. The WA value was calculated using Eq. (7) below:

Wy — W3

—= X

Moisture content (%) =
w3

100 7)

where Wj is the weight of the sample after conditioning before soaking and W, is the weight of the sample
after soaking.

2.5.4 Dimensional Change

The dimensional change (DC) was determined by comparing the volume change of the samples before
and after 24, 48 h, and 14 days of soaking. The DC value was calculated using Eq. (8) below:
A

V.
DC (%) = 4V
3

x 100 (8)

where V3 is the initial volume of the sample before soaking and V, is the wet volume of the sample
immediately after soaking.

2.5.5 Anti Swelling Efficiency

Anti-swelling efficiency (ASE) is the percentage of anti-swelling of modified wood compared to control
wood after soaking in water for a certain duration. The anti-swell efficiency was calculated using Eq. (9)
below:

DCy — DC,
— X

ASE (%) = —
0

100 ©)]
where DC, is the dimensional change of control wood after soaking and DC; is the dimensional change of
treated wood after soaking.

2.5.6 Leaching

The leaching percentage was based on the EN 84 (1997) standard [34]. The leaching test was carried out
by soaking the wood test samples for 14 days with nine water changes. During immersion, the quantity of
water used was at least ten folds the volume of the wood sample. The water was changed on the first and
second days of immersion; then, the water was changed again seven times for the remaining 12 days,
provided that the interval was not less than one day and not more than three days. The leaching value
was then calculated using Eq. (10) below:

Wi — Ws
— 2 x
3

L(%) = 100 (10)

where L is the leaching percentage of the sample, W5 is the dry weight of the sample after conditioning before
soaking, and Ws is the dry weight of the sample after soaking.
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2.5.7 Color Analysis

Color testing is carried out using the CIELAB method to indicate color changes. This method was
carried out by obtaining the values of L*, a*, and b* from sample photography using the Adobe
Photoshop software. L* indicates light indication, with a value of 0 to 100 (black to white; a* indicates a
color indication from green to red, with +a* from a value of 0 to 80 indicating a red color and —a* with a
value of —80 to 0 indicating a green color; b* indicates a blue to yellow color, with +b* from 0 to
70 indicating a yellow color and —b* from —70 to 0 indicating a blue color [35]. Color change (AE) was
calculated based on the CIELab method [36] using Eq. (11) below:

(AE) = /[(AL")2 + (4Aa*)2 + (Ab*)2] (11)

where AFE is the color change between the compared samples, and AL*, Aa*, and Ab* are the differences in
the L*, a*, and b* values between the compared samples, respectively.

According to Hunter Lab [36], color changes can be classified based on the following table referring to
Hadi et al. [29] (Table 2):

Table 2: Color class, color difference, and color change effect based on CIELab method

Class Color difference Color change effect

1 AE < 0.2 No visible changes

2 02<AE<20 Very small changes

3 20<AE<3.0 Minor changes (color changes visible by high quality filters)

4 3.0<AE<6.0 Medium changes (color changes visible by medium quality filter)
5 6.0 <AE <12 Major changes (different color changes)

6 AE > 12 Different colors

2.6 Mechanical Properties

The mechanical properties were determined using three points static bending tests. Wood specimens
were measured based on the DIN 52186 (1978) standard [32] with a sample size of 200 x 10 x 10 mm’
(L, T, R). Testing was carried out using a Universal Testing Machine (UTM)—Instron 3369. The applied
loading speed during testing was 2 mm/min. The MOE and MOR values were calculated using Eqs. (12)
and (13):

APL,
MOE = 12
O Aydbhs (12)
3PL
MOR = —— 1
O 2bh, (13)

where MOR is the modulus of rupture (kg/cm?); MOE is the modulus of elasticity (kg/cm®); P is the
maximum load (kg); L is the length of test sample (cm); b is the width of test sample (cm); % is the
thickness of the test sample (cm); AP is the change in load used (kg); and Ay is the change in deflection
for every change in load (cm).

2.7 Data Analysis

Data obtained from testing the physical and mechanical properties were analyzed using descriptive
statistical methods with IBM SPSS. The analysis followed a Completely Randomized Design (CRD) with
five replications for each test.
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3 Results and Discussion

3.1 Solution Uptake

A solution uptake test was conducted to measure the amount of impregnation solution absorbed by the
wood. This uptake depends on various factors, including the wood species’ anatomy, density, the molecular
weight and polarity of the impregnated materials, the solvent used, and the impregnation method [16,30].
The results showed that the impregnation of gmelina wood with both FA (FA40 and FA70) and FA-
tannin (FA40TA and FA70TA) solutions proceeded smoothly, resulting in a solution absorption value of
over 100% (Fig. 1; each value in Fig. 1 represents the average of five samples).
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Figure 1: Solution uptake of FA & FA-tannin impregnation solution (values followed by the same letter do
not differ significantly based on ANOVA at a = 0.05 using Duncan’s post-hoc test)

The pressed vacuum impregnation treatment enhanced penetration into the wood, as the applied pressure
displaced air in the wood cell cavities with the impregnation solution [37]. Additionally, gmelina wood’s
specific gravity of 0.37-0.44 g/cm® and its numerous cavities facilitated the entry and filling of these
cavities by the impregnation liquid [38].

The FA solution without tannins provided a higher absorption value compared to the FA-tannin solution.
Analysis of variance (ANOVA) with 95% confidence indicated that FA and FA-TA impregnation
significantly affected the solution uptake value. Duncan’s post-hoc test revealed that FA70 impregnation
had a significantly different effect compared to FA40TA, FA40, and FA70TA, with higher FA
concentrations leading to better absorption.

This finding aligns with Furuno et al. [39], who noted that the presence of impregnated materials in
wood cells is influenced by the molecular weight of those materials. The addition of tannin can reduce
solution absorption, as tannin has a higher molecular weight (500-20,000 g/mol) compared to water
(18.02 g/mol) and FA (98 g/mol) [40]. Consequently, tannin particles, being larger than water molecules
and FA, struggle to penetrate wood cell walls [30].

3.2 Swelling

The swelling value, or volume expansion, that occurs in wood during impregnation indicates the amount
of impregnating solution absorbed by the wood, leading to its volume expansion. In line with the high
percentage of solution uptake, the volume expansion (swelling) of the wood samples in the impregnating
solution followed a similar trend. FA impregnation without tannin resulted in higher swelling values up to
0.42% differences than FA impregnation with tannin (Fig. 2; each value in Fig. 2 represents the average
of five samples). However, since the tannin concentration in these treatments was not high, Duncan’s
post-hoc test showed that the differences between FA and FA-tannin impregnation treatments were not
statistically significant.
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Figure 2: Swelling values of the wood impregnated with FA and FA-tannin solution (values followed by the
same letter do not differ significantly based on ANOVA at a = 0.05 using Duncan’s post-hoc test)

The increase in wood volume occurs due to the entry of the impregnating solution into the cell cavities
and walls during the vacuum-pressing process, including the soaking phase [16]. The initial vacuum removes
air trapped in the cell lumen, opening up the empty cells and making them more accessible to the
impregnation process. The application of pressure ensures deep and uniform penetration, contributing to
the expansion of the wood’s volume [41].

3.3 Weight Percent Gain ( WPG)

Weight percent gain (WPGQG) is a crucial parameter in wood modification for measuring the amount of
impregnated material that enters the wood. The WPG value is determined by comparing the weight of the
modified wood to its initial weight [42]. A higher WPG value indicates a greater amount of impregnated
material in the wood. Principally, this modification occurred due to the penetration of the FA or FA-
tannin solution into the wood, particularly into the cell lumens, wood cavities, and/or cell walls, where
the solution polymerized to form a solid polymer, increasing the initial weight of the wood [30].

The results showed that the WPG values from the impregnation with FA-tannin solutions were lower
compared to those obtained with FA solutions without tannin (Fig. 3; each value in Fig. 3 represents the
average of five samples). A higher WPG value reflects a more significant modification effect [30].
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Figure 3: Weight percent gain of FA and FA-tannin modified wood (values followed by the same letter do
not differ significantly based on ANOVA at a = 0.05 using Duncan’s post-hoc test)
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Analysis of variance (ANOVA) with 95% confidence revealed that FA and FA-tannin treatments
significantly influenced the WPG values. Duncan’s post-hoc test indicated that furfurylation treatments
with FA and FA-tannin had significantly different effects. Higher FA concentrations in furfurylated
tannins resulted in higher WPG values. For example, the WPG value of FA70TA in this study was higher
than that of FA-tannin-impregnated beech wood with an FA53.3% concentration, which had a WPG of
38.4% [30]. FA70 modification increased the weight of gmelina wood by up to 48.79%.

Impregnation of FA into other tropical wood species, particularly from Indonesia, was conducted by
Hadi et al. [29], using only FA solution with a concentration of >98% and tartaric acid as a catalyst. The
wood species used were jabon (Anthocephalus cadamba), sengon (Falcataria moluccana), mangium
(Acacia mangium), and pine (Pinus merkusii). Due to variations in anatomical characteristics, the WPG
values for jabon, sengon, mangium, and pine were 86.3 + 6.0; 30.1 = 3.7; 19.1 £ 4.8; and 15.2 = 4.9,
respectively. Compared to our recent study (Fig. 3), these differences in WPG values can be attributed to
various factors, such as wood species and its density, wood size, concentration of the impregnating
solution (including the catalyst used), and the impregnation technique applied.

3.4 Bulking Effect

Bulking refers to the increase in wood volume after treatment, which is proportional to the theoretical
volume of the added chemical [41]. The bulking value for wood treated with the FA solution was slightly
higher than that for wood treated with the FA-tannin solution (Fig. 4; each value in Fig. 4 represents the
average of five samples). These bulking values correlated positively with the swelling values observed
during the impregnation process. The expansion of wood volume due to swelling from FA penetration
into the cell walls creates space for modification, resulting in a proportional increase in wood volume
after treatment.
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Figure 4: Bulking values of FA and FA-tannin modified wood (values followed by the same letter do not
differ significantly based on ANOVA at o = 0.05 using Duncan’s post-hoc test)

The highest bulking value observed in the experiment was 15.29%, occurring in wood samples
impregnated with the FA70 solution. Duncan’s test revealed that the bulking effect of FA40 and FA40TA
treatments was not significantly different, but both differed significantly from the FA70 and FA70TA
treatments. The size of the impregnation molecules plays a crucial role in this process [30]. The retention
of the impregnating material in the cell walls causes bulking due to the formation of chemical bonds
between the impregnating material and cell wall polymers [43]. During polymerization, FA molecules
bind to each other, forming furan homopolymers within the lumina, entangling with the cell walls, and
cross-linking with lignin [44,45].
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3.5 Physical Properties of Modified Gmelina Wood
3.5.1 Moisture Content

Moisture content refers to the amount of water in lignocellulosic material. Wood modified with furfuryl
alcohol has been shown to lower its equilibrium moisture content [46]. The results indicate that both

furfurylation and tannin-modified furfurylation treatments can reduce water content by more than 75%
(Fig. 5; each value in Fig. 5 represents the average of five samples).
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Figure 5: Moisture content of FA and FA-tannin modified wood (values followed by the same letter do not
differ significantly based on ANOVA at a = 0.05 using Duncan’s post-hoc test)

Analysis of variance (ANOVA) with a 95% confidence interval demonstrated that FA and FA-tannin
treatments significantly affected the reduction in wood moisture content. Gérardin [4] confirmed that
furfurylation can lower the equilibrium moisture content of wood. These findings align with Mulyosari’s
research [47], which reported that furfurylation reduced the water content of Sengon wood to 2.57%—
3.75%. Furfuryl alcohol is hydrophobic due to the formation of methylene bridges and covalent bonds
between FA and the aromatic groups in lignin, which cover the hydroxyl and hydrophilic groups of the
wood [44,45].

Among the modified woods, the FA40TA treatment showed significantly higher moisture content
compared to other treatments. This could be attributed to the lower weight percent gain (WPG) of
FA40TA, which limits the extent of wood modification and affects moisture content. The higher amount
of tannins, with their larger molecular weight and some unreacted hydroxyl groups, combined with the
lower FA concentration, likely reduced the hydrophobic properties of the furfurylated wood.

Compared to a previous similar study on the impregnation of tropical wood species using only FA
solution (>98%) and tartaric acid as a catalyst, the moisture content of furfurylated jabon, sengon,
mangium, and pine was 2.11 £ 0.34%, 2.65 £+ 0.36%, 3.75 + 0.44%, and 3.16 + 0.34%, respectively [29].
These moisture content values are similar to those in the recent study (Fig. 5), indicating that
furfurylation can effectively reduce the hygroscopic properties of wood, regardless of the wood species used.

3.5.2 Density

Wood density, defined as the ratio of wood mass to volume and expressed in g/cm?®, increased after
modification with FA and FA-tannin (Fig. 6; each value in Fig. 6 represents the average of five samples).
This increase in density was positively correlated with higher WPG and bulking values. Wood density
rose by approximately 9% to 30% due to these modifications. The increases in density were attributed to
the higher WPG and lower bulking values, indicating that FA or FA-tannin were deposited in the wood
lumen cells or cavities and formed deposits and cross-links with certain wood components in the cell

walls. Among the treatments, FA70 resulted in the highest average density, reaching approximately
0.59 g/em’.
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Figure 6: Density of FA and FA-tannin modified wood (values followed by the same letter do not differ
significantly based on ANOVA at a = 0.05 using Duncan’s post-hoc test)

The results of the variance analysis (ANOVA) with a 95% confidence interval showed that wood
modification treatment using FA and FA-tannin significantly increased the density value. The greater the
FA concentration used, the more substantial the increase in density.

Furfurylation with high FA concentration (>98%) of tropical woods, jabon, sengon, mangium, and pine,
can increase their density by up to 88.2%, 27.8%, 21.7%, and 15.3%, respectively [29]. The variation in
density increase appears to be influenced by the wood species used and the corresponding WPG obtained.
In a recent study, gmelina wood density increased by 12% and 33% after impregnation with 40% and
70% FA, respectively.

3.5.3 Dimensional Change

Dimensional change testing was conducted to assess the stability of modified gmelina wood by
measuring changes in dimensions after soaking in water for 24, 48 h, and 14 days. The results showed
that wood modified with either FA or FA-tannin solutions exhibited significantly greater dimensional
stability, by up to 12.4% differences in dimensional change, compared to the control wood (Fig. 7; each
value in Fig. 7 represents the average of five samples). While most dimensional changes in the modified
wood were not significantly different due to higher standard deviations, wood modified with FA70 and
FA70TA generally exhibited lower dimensional changes than other treatments. These variations may be
attributed to differences in the anatomical structure of the wood. The higher WPG values for wood
modified with FA70 and FA70TA contributed to lower dimensional changes, providing greater
hydrophobic properties and limiting expansion.
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Figure 7: Dimensional changes of FA and FA-tannin modified wood after soaking (values followed by the
same letter do not differ significantly based on ANOVA at a = 0.05 using Duncan’s post-hoc test)
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Between the two impregnation solutions, wood modified with FA70TA demonstrated slightly better
dimensional stability, by up to 1.19% differences in dimensional change value, than wood modified with
FA70, particularly after 48 h and 14 days of soaking. Although both FA70TA and FA70 treatments did
not show significant differences, Mubarok et al. [30] also reported that FA-tannin modification offered
slightly better dimensional stability compared to FA alone, especially with a carboxylic acid catalyst of
lower dissociation constant.

In contrast, wood samples impregnated with the FA40 solution exhibited slightly lower dimensional
stability (i.e., higher dimensional changes) after 24 and 48 h of soaking compared to FA70 modified
wood. This suggests that impregnation with high FA consentration values provided higher dimensional
stability due to greater FA retention, which resulted in higher bulking values and improved dimensional
stability.

Regarding dimensional changes, Hadi et al. [29] found that furfurylation (FA > 98%) of tropical woods,
jabon, sengon, mangium, and pine, resulted in dimensional change values of up to 1.38 + 0.20%, 2.38 +
0.19%, 2.63 + 0.32%, and 4.21 £ 0.51%, respectively. These values seem slightly higher than those
obtained in our recent study (Fig. 7), despite the longer immersion duration used in our tests. The wood
species and the WPG achieved through this modification were likely the main factors behind these
differences.

3.5.4 Water Absorption

Water absorption measures the percentage of water absorbed by the wood relative to its weight. This
study aimed to assess the hydrophobic properties of the modified wood by soaking samples in water for
24, 48 h, and 14 days. Since dimensional stability is influenced by the wood’s water absorption capacity,
higher hydrophobicity generally correlates with greater dimensional stability.

Analysis of variance (ANOVA) with a 95% confidence interval revealed that both FA and FA-tannin
treatments significantly reduced water absorption (Fig. 8; each value in Fig. 8 represents the average of
five samples). Among the treatments, wood impregnated with FA alone typically exhibited lower water
absorption, by up to 5.54% differences, than wood treated with FA-tannin solutions. However, differences
between the FA70 and FA70TA treatments were not significant. The FA70 treatment resulted in the
lowest water absorption capacity, indicating that it produced wood with better hydrophobic properties
and, consequently, higher dimensional stability. This is likely due to the higher polarity of tannins, which
contain hydroxyl groups that limit FA’s ability to modify the wood cell walls by creating a stronger
affinity between FA and tannins.
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Figure 8: Water absorption of FA and FA-tannin modified wood (values followed by the same letter do not
differ significantly based on ANOVA at a = 0.05 using Duncan’s post-hoc test)
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In contrast, Mubarok et al. [30] reported that FA-tannin treatments resulted in lower water absorption
compared to FA treatments, regardless of the carboxylic acid catalyst’s dissociation constant. The
discrepancy may stem from differences in tannin types and wood species used. Mubarok et al. [30]
employed Tan Active powder extract, a condensed tannin from quebracho, while this study used tannin
extracted from mahogany bark, which may still contain carbohydrate residues. These residual
carbohydrates could contribute to higher hygroscopic properties in the rough tannin extract, affecting the
characteristics of the modified wood. Additionally, Lestari et al. [48] identified mahogany bark tannins as
hydrolyzable tannins containing gallic acid and ellagic acid, which may also influence the results.

In a previous study, furfurylation using high FA concentrations (>98%) on tropical woods, jabon,
sengon, mangium, and pine, resulted in water absorption values after 48 h of immersion of up to 5.85 +
0.64%, 6.57 + 0.63%, 7.63 + 0.69%, and 10.65 = 1.02%, respectively [29]. In the recent study, since the
FA concentrations used were only 40% and 70%, the water absorption values were higher than in the
previous study. The wood species and the corresponding WPG were likely the main reasons for these
differences.

3.5.5 Anti-Swelling Efficiency

Anti-swelling efficiency (ASE) measures the effectiveness of wood modification in terms of its water
resistance [49]. ASE is calculated based on the previously discussed dimensional change values. A high
ASE value indicates that the wood is more resistant to swelling from water absorption, reflecting good
dimensional stability. In this study, the average ASE wvalues ranged from 75.80% to 93.80%,
demonstrating excellent dimensional stability in the modified gmelina wood (Fig. 9; each value in Fig. 9
represents the average of five samples).
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Figure 9: Anti-swelling efficiency of FA and FA-tannin modified wood (values followed by the same letter
do not differ significantly based on ANOVA at a = 0.05 using Duncan’s post-hoc test)

ANOVA with a 95% confidence interval showed that FA and FA-tannin treatments significantly
influenced the ASE values of the modified wood. Duncan’s test revealed that the ASE values for FA40TA
and FA40 treatments were not significantly different, although FA40TA tended to have slightly lower
ASE values, by up to 1.21% differences, compared to FA40. The lower ASE values in these treatments
could be attributed to the relatively lower FA concentrations, which corresponded to lower WPG values.
Specifically, the FA-tannin treatment required more FA to react with both the tannins and wood cell wall
components, which may have limited the hydrophobic properties and, consequently, the stability of the
modified wood. FA modification and FA-tannin can fill the cell walls of wood and even reach cell lumen
which causes the density of the wood to increase so that it has good dimensional stability [30].

With regard to the previous dimensional change values, impregnation of tropical woods using high FA
concentrations provided furfurylated jabon, sengon, mangium, and pine with varied ASE values after 48 h of
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water immersion, reaching up to 82.7 £2.7, 70.0 £ 4.4, 76.2 + 2.1, and 56.7 + 5.3, respectively [29]. In the
recent study, furfurylation of gmelina wood with 40% and 70% FA achieved ASE values of over 75% after
14 days of water immersion. The wood species and the corresponding WPG were also likely the main
reasons for these differences.

3.5.6 Leaching

According to Lebow et al. [50], wood leaching tests are used to assess the fixation of preservatives, their
environmental impact, and the estimated service life of the wood. A higher amount of leached components
indicates reduced wood durability and potential environmental pollution from water-soluble chemicals.
Pilgard et al. [51] found that furfurylated wood subjected to vacuum drying produced fewer hydrophobic
oligomers, resulting in lower toxicity compared to furfurylated wood without vacuum drying. Since this
study’s furfurylation process did not include vacuum drying, the addition of tannins was anticipated to
interact with any unreacted FA during polymerization, potentially reducing the toxicity of the furfurylated
wood.

The results (Fig. 10; each value in Fig. 10 is based on the average of five samples) showed that the
leaching value of furfurylated wood was lower than that of the control wood. In control wood, water-
extractive substances are dissolved during water soaking [30]. ANOVA results with a 95% confidence
interval indicated that furfuryl alcohol treatments (FA40 and FA70) and FA-tannin treatments (FA40TA
and FA70TA) significantly affected the leaching of modified gmelina wood. Duncan’s tests revealed
significant differences between the leaching values for various treatments. The lower leaching value in
furfurylated wood suggests that FA reacted with the wood, particularly with lignin [4,44,45]. FA40TA
showed higher leaching compared to FA70TA, likely due to lower tannin reactivity with the wood. Lagel
et al. [52] noted that a higher tannin ratio relative to the impregnation solution only slightly improved
wood properties, including leaching resistance. Therefore, the higher tannin ratio in the FA40TA
treatment compared to FA70TA could have increased the wood’s hydrophilic properties and leaching
values. This contrasts with Mubarok et al. [30], which found that adding 8.9% tannin to a 44% FA in
furfurylation system improved leaching resistance. Differences in tannin types, wood species, and organic
acid catalysts used (carboxylic acid) might account for these discrepancies. However, at a higher FA
concentration (70%), adding 0.6% tannin increased leaching resistance by approximately 47% compared

to FA70 without tannins.
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Figure 10: Leaching of FA and FA-tannin modified wood (values followed by the same letter do not differ
significantly based on ANOVA at a = 0.05 using Duncan’s post-hoc test)
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3.5.7 Color Changes

Color is an important aesthetic property of wood. According to Lukmandaru et al. [53], the color of
wood is crucial for determining its suitability for specific applications in furniture or construction
materials. Modification of Gmelina wood with either FA or FA-tannin resulted in a color change from the
original yellowish-white to dark brown (Fig. 11).

Figure 11: Appearance of FA40TA, FA70TA, control, FA40, and FA7 (from the left to right)

ANOVA results with a 95% confidence interval indicated that both FA and FA-tannin modifications
significantly affected the color change of the wood (Table 3). The color change values were classified as
class 6, with AE > 12 (Table 2). Furfuryl alcohol, initially transparent or pale yellow, turns brown to dark
brown with prolonged exposure to sunlight or air [54]. In this study, the polymer formed was
polyfurfuryl alcohol (PFA), which is dark in color [10,30]. Consequently, wood modified using this
method appears darker. The addition of tannins, which are also dark, further intensifies the color,
resulting in a wood that is darker than wood treated with FA alone. Despite this, the darker color may be
desirable as it mimics the appearance of aged wood, potentially enhancing its perceived physical and
mechanical properties and improving resistance to wood-destroying organisms.

Table 3: The average value of color change of modified gmelina wood compared to control

Treatment L a b AE

FA40TA 129 £ 4.77 13.7+2.4 11.4 £3.53 83.56 + 7.2
FAT0TA 6.8 £3.64 6 +3.09 3.6 +1.83 89.87 £4.71°¢
FA40 20.4 +£3.71 17.9 £2.07 17.3 £3.68 76.73 £4.03*
FA70 12.7 £2.83 8.2+ 1.81 4.5 +£2.67 84.1 + 3.48>
Control 94.6 +2.71 —0.3 £3.09 21.1+£2.23 0

Note: Each value in columns came from the average of two samples.
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For interior applications, compatible finishing materials are important because they can mitigate
potential issues such as unreacted FA leaching and reduce any characteristic odor. The inclusion of
tannins in the furfurylation process helps capture unreacted FA and reduce its leaching properties, thereby
minimizing air pollution during FA polymerization.

Compared to a previous similar study, impregnation with higher FA concentrations in jabon, sengon,
mangium, and pine produced furfurylated wood with lower AE values, reaching up to 58.1 £ 3.6% 56.1 +
2.1,32.9 £5.9, and 52.9 + 3.7, respectively [29]. Our recent study observed higher AE values (Table 3),
with L values lower than 20, indicating a darker color. The wood species and the corresponding WPG
values were also important factors influencing these results.

3.6 Mechanical Properties of Modified Gmelina Wood

3.6.1 Modulus of Elasticity

The modulus of elasticity (MOE) measures the flexibility of wood, reflecting its resistance to shape
changes under external loads. A higher MOE indicates that the wood is less likely to deform under stress,
with a greater MOE value signifying greater resistance to shape changes.

The results showed that wood samples impregnated with either the FA solution or the FA-tannin solution
exhibited higher MOE values compared to the control wood (Fig. 12; each value in Fig. 12 was based on the
average of five samples). Analysis of variance (ANOVA) with a 95% confidence level revealed that the wood
modification using FA significantly impacted the MOE values. Among the treatments, wood modified with
FA-tannin solutions had higher MOE values, by up to 8732 kg/cm? differences, than wood treated with FA
alone. This improvement is likely due to the formation of FA-tannin polymer composites within the wood
cells or cavities. The FA-tannin interaction, occurring in the same liquid phase, may have reduced the
reaction between FA and wood components, particularly lignin, which binds plant fibers [55]. By
minimizing the reaction between FA and lignin, the structural integrity of the wood is better maintained,
thus preserving its mechanical properties.
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Figure 12: Modulus of elasticity of FA and FA-tannin modified wood (values followed by the same letter do
not differ significantly based on ANOVA at a = 0.05 using Duncan’s post-hoc test)

Additionally, impregnation with furfuryl alcohol may disrupt the hydrogen bonding between fibers in
the wood [56]. The inclusion of tannins in the FA treatment likely helps mitigate the degradation of
mechanical properties. However, Duncan’s test indicated no significant difference in MOE values
between the FA and FA-tannin treatments. This finding aligns with Mubarok et al. [30], who also found
no significant difference in MOE values between FA and FA-tannin treatments, though variations in
tannin types and concentrations were noted. Dong et al. [57] and Li et al. [58] similarly reported that FA
impregnation did not significantly affect MOE values.
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Regarding the MOE values, tropical woods such as jabon, sengon, mangium, and pine modified with a
high concentration of FA (>98%) showed increased MOE values, with the average increases of 2.66%, 19.
93%, 37.86%, and 0.19%, respectively [29]. In the current study, the MOE values of wood modified with FA
at concentrations of 40% and 70% increased by 20.27% and 21.84%, respectively. Additionally, adding
tannin to the FA 40% and FA 70% solutions resulted in furfurylated gmelina with MOE increases of
31.7% and 37.11%, respectively. Differences in wood species, wood size, and corresponding WPG values
may also be primary factors contributing to these variations.

3.6.2 Mudulus of Rupture

The modulus of rupture (MOR) represents the maximum load that wood can withstand before breaking.
In this study, wood impregnated with either the FA solution or the FA-tannin solution exhibited lower MOR
values compared to the control wood (Fig. 13; each value in Fig. 13 was based on the average of five
samples). Lower MOR values are a common issue in modified wood, whether subjected to thermal
treatments or chemical modifications [4,56,59]. This decrease in MOR is primarily due to changes in the
chemical structure of the wood, which affect its strength and toughness.
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Figure 13: Modulus of rupture of FA and FA-tannin modified wood compared to control wood (Values
followed by the same letter do not differ significantly based on ANOVA at a = 0.05 using Duncan’s post-
hoc test)

Analysis of variance (ANOVA) with a 95% confidence interval revealed that furfurylation using FA and
FA-tannin did not significantly impact the MOR values. These findings are consistent with Mubarok et al.
[30], who observed a reduction in MOR values for wood modified with FA or FA-tannins compared to
the control, although the changes were not statistically significant. IThsan [60] noted that cross-linking of
FA with lignin might make the wood more prone to breakage. Similarly, Dong et al. [57] reported that
while furfuryl alcohol can enhance certain properties of wood, it does not improve strength and impact
flexural strength. Therefore, further research is needed to explore ways to enhance the mechanical
properties of modified wood.

The changes in the physical and mechanical properties of gmelina wood, whether comparing FA-tannin
with the control or FA-tannin with FA treatments, were attributed to chemical reactions occurring within the
wood structure. The in situ polymerization between FA and wood components, specifically lignin in this
case, was demonstrated in some previous research [44,45]. Additionally, a possible cross-linking reaction
between condensed tannins from quebracho tannin and FA was suggested by Mubarok et al. [30].
However, since the tannin used in this study was hydrolyzable tannin derived from mahogany bark, a
possible reaction between FA and tannin in this study is illustrated in Fig. 14.
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Figure 14: A possible reaction between furfuryl alcohol and a component of hydrolyzable tannin from
mahagony bark

Unlike MOE, almost all furfurylated wood showed lower MOR values. Furfurylation with a high FA
concentration (>98%) in jabon, sengon, mangium, and pine resulted in MOR changes of —36.16%,
0.88%, 58.20%, and —13.48%, respectively [29]. In the current study, MOR changes ranged from
—22.46% to —25.12% for wood impregnated with FA alone (Fig. 13). Adding tannin to FA 70% reduced
MOR changes to —15.64%, suggesting that wood modification with FA-tannin can help minimize MOR
degradation.

4 Conclusion

Wood modification using furfuryl alcohol (FA) and FA-tannin has proven to significantly enhance the
physical and mechanical properties of Gmelina wood. The incorporation of tannins during the
impregnation process slightly reduced solution uptake and swelling values, reflecting its influence on the
modification dynamics. While the presence of tannins led to minor reductions in weight percent gain
(3.30%—4.86%) and bulking effect (0.37%—-0.65%), it did not compromise performance. Remarkably, FA-
tannin treatments exhibited comparable anti-swelling efficiency to FA alone, with tannins improving the
leaching resistance of furfurylated wood by up to 47% at a 70% FA concentration, making the product
more environmentally sustainable.

Color analysis revealed that the tannin solution imparted a darker hue to the furfurylated wood, offering
aesthetic appeal alongside enhanced performance. Mechanically, the addition of tannins increased the
modulus of elasticity by up to 37.11%, while the modulus of rupture showed only a slight and
statistically insignificant decrease, consistent with observations in other modified wood studies.

Despite these promising outcomes, the adoption of furfurylated wood in Indonesia faces challenges,
particularly due to the still high cost of the main material, furfuryl alcohol. Addressing these challenges
will require continued research and innovation, such as the integration of tannins demonstrated in this
study, to optimize the efficiency and cost-effectiveness of the modification process. Furthermore, fostering
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stronger collaboration between researchers and industry stakeholders will be pivotal in driving broader
adoption and realizing the full potential of this technology in sustainable wood products.
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