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Abstract: The emergence of transparent wood as a viable alternative to traditional glass has sparked
considerable interest in recent research endeavors. Despite advancements, challenges persist in the
delignification methods and wood species utilized in prior studies. Therefore, this study delves into
the potential of Brazilian eucalyptus wood for transparent wood production through the kraft pulping
process. Delignification was carried out in a laboratory setting, replicating the kraft process with vary-
ing reaction times (15, 30, 45, and 60 min). The resulting delignified wood veneers were impregnated
with a pre-polymerized PMMA solution. The study encompassed various analyses, including UV-Vis
spectroscopy, colorimetry, SEM, optical microscopy, and mechanical property evaluations. The results
revealed intriguing trends in terms of transparency, color changes, microstructural modifications, and
mechanical properties as a function of delignification time. This work presents valuable insights into
the transformative potential of eucalyptus wood, offering a deeper understanding of the interplay
between wood modification and PMMA impregnation.

Keywords: lignin removal; delignification; optical properties; bio-composite; polymethyl methacrylate;
wood modification

1. Introduction

Transparent wood has attracted significant attention in recent years due to its potential
applications in areas such as smart windows, building facades, and even solar cells [1-4].
Compared to traditional glass materials, transparent wood offers several advantages as it is
derived from a renewable resource, which makes it a sustainable alternative to conventional
building materials. Hu et al. [5] examined the carbon dioxide (CO,) emissions associated
with the Chinese container glass industry, categorizing them based on combustion, raw ma-
terial decomposition, and the power and heat utilized by the enterprise (indirect emissions).
Their simulation findings revealed an average of 0.69 tonnes of CO, emissions per tonne of
glass product due to combustion, a notably higher figure compared to the European con-
tainer glass industry’s 0.46 tonnes of CO, emissions per tonne of glass product as reported
by Zier et al. [6]. Its relatively high transparency and low opacity, achieved by adapting the
microstructure and chemical composition of the wood (achieved by removing or altering
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the lignin and impregnating it with an amorphous polymer), make it an attractive alterna-
tive to conventional materials such as glass in architectural applications, as well as being
more energy efficient, providing better insulation properties, and potentially reducing arti-
ficial energy consumption [7]. However, it is important to mention that transmittance and
haze (forward-scattered light) are commonly reported in the literature as characteristics to
be improved in transparent woods [8,9]. Moreover, it boasts high durability and resistance
to shattering, making it a safer choice for construction applications. Despite the use of a
fossil-based polymer in the production of transparent wood, during its wood growth, the
tree captures the CO, produced during the synthesis of the polymer itself, thus creating a
closed cycle. Fully bio-based transparent wood materials have already been reported in the
literature [10]. Transparent wood is, therefore, derived from a renewable resource, which
makes it a sustainable alternative to conventional building materials [11].

The manufacturing of transparent wood involves removing lignin from the wood
veneer through a chemical method that preserves the fiber structure. Delignification is a
critical step as lignin contributes to 80%-95% of the light absorption in wood, impeding its
transparency [12]. By selectively removing lignin, the resulting wood retains its structural
integrity while allowing light to pass through. The delignified wood is then impregnated
with a translucent polymer, enhancing its transparency [4,13] and creating a material that
combines the strength and natural esthetics of wood with the light-transmitting properties
of glass. This innovative process opens up new possibilities for applications in architecture,
design, and renewable energy [14,15].

In addition, as the chromophore groups present in lignin are predominantly account-
able for its brownish color and light-absorbing characteristics observed in natural wood,
recent studies have highlighted an alternative approach to delignification by focusing
on modifying the chromophoric composition of lignin, rather than completely removing
lignin [12,16,17]. For instance, Li et al. [12] demonstrated the development of transparent
wood by preserving the lignin content and employing an alkaline H,O, hydrothermal
solution to selectively eliminate lignin chromophores, thereby reducing processing time.

Various methods utilizing different reagents for lignin removal have been studied.
Zhu et al. [18] successfully removed lignin from a Tilia wood using a solution of sodium
hydroxide (NaOH) and sodium sulfite (Nap;SO3), resulting in a lignin content of 3%. Simi-
larly, Qin et al. [19] and Wu et al. [20] investigated the use of NaClO,, achieving residual
lignin contents of 7% and 9%, respectively, for transparent wood production. However,
the use of chlorine-based delignification processes leads to the formation of toxic effluents,
increased time and energy consumption, and atmospheric pollution [19].

Based on this concept, using a consolidated process in the wood industry such as the
kraft process and an abundant eucalyptus wood with a production of 38.9 m?/ha/year [21],
combined with a commonly used polymer, shows the possibility of the mass production
of transparent wood on a pilot scale. The kraft process, widely utilized in pulp and paper
industries, involves cooking wood with sodium hydroxide (NaOH) and sodium sulfide
(NayS) to dissolve lignin and disaggregate fibers with minimal carbohydrate degradation [22].
Currently, the kraft process is the primary method for pulp production due to its continuous
cooking process and the advantage of the associated chemical product recovery system [23,24].

Currently, the literature on transparent wood already encompasses studies involving
woods delignified through the kraft process. For instance, Zhu et al. [25] reported the use
of a process involving soaking wood blocks in a boiling solution containing NaOH and
Na;SOj3 to dissolve part of the lignin content, followed by a treatment with H,O, to remove
the remaining lignin. Hai et al. [26] conducted a similar study where hardwood kraft pulp
underwent TEMPO-oxidation treatment followed by nanofiber fabrication. These examples
highlight the existing research but emphasize the unique contribution of our study focusing
on Brazilian eucalyptus in the context of transparent wood production.

In Brazil, the kraft process is employed with Eucalyptus sp., a fast-growing wood species
that is crucial for pulp industries while simultaneously mitigating deforestation [27]. Eucalyp-
tus species have been genetically manipulated for pulp production, resulting in fast-growing
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wood with high productivity, cellulose content, and low lignin content and extractives. This
makes it an ideal candidate for delignification processes [28,29]. Given these factors, there
is a strategic importance in investigating the use of Brazilian eucalyptus wood for the pro-
duction of transparent wood. Thus, this study aims to apply the kraft process with sodium
hydroxide (NaOH), sodium sulfide (Na;5), and hydrogen peroxide (H,O,) for the production
of transparent wood from a Brazilian eucalyptus (Eucalyptus grandis).

2. Materials and Methods
2.1. Materials

Eucalyptus grandis wood veneers were obtained from Ecofolhas (Sao Paulo, Brazil).
The density of the veneers was determined to be 0.44 g.cm™ using a precision analyti-
cal scale (£0.01 g) and a digital caliper (£0.001 mm). Test specimens with dimensions of
20 mm x 20 mm X 0.6 mm (length x width X thickness, respectively) were prepared for the
wood delignification process. All the specimens were stored in a climatic chamber at 20 °C
and 65% relative humidity until reaching hygroscopic equilibrium (12% moisture content).

The chemicals used in the experiment were sodium hydroxide (NaOH) with a molar
mass of 40.00 g/mol; sodium sulfide (Na,S) with a molar mass of 78.04 g/mol; ethanol
(C2HgO); hydrogen peroxide (HyO,) with a purity of 35%; methyl methacrylate (MMA)
with a purity of 99%, a liquid state, and a molar mass of 100.12 g/mol; and a benzoyl
peroxide catalyst, all of which were acquired from Sigma Aldrich (St. Louis, MO, USA).

2.2. Wood Delignification

The delignification process of the eucalyptus wood veneers was conducted by repli-
cating the kraft process in the laboratory. The liquor-wood ratio was maintained at 4:1,
and the active alkali conditions of 18% and sulfidity of 20% were achieved using NaOH
(99.2 g/L) and NayS (36.27 g/L). The samples were treated with the delignification solution
using four different delignification times (c.a. 15, 30, 45, and 60 min) and a temperature of
90 °C. Fibers started separating from each other after 60 min of kraft cooking; therefore, no
tests were conducted beyond this time. The separation of the fibers probably occurred due
to a significant breakdown of lignin and hemicellulose, crucial elements that bind fibers
together within the wood structure. As the delignification process advances, these binding
agents gradually lose their effectiveness, causing fibers to loosen and eventually separate
from each other.

After the delignification process, the lignin-extracted samples were carefully rinsed
with distilled water until reaching a neutral pH. Subsequently, the samples were immersed
in a 35% hydrogen peroxide (H,O;) solution at 90 °C until the yellowish color of the
samples was completely eliminated (around 2 h). Following the bleaching treatment, the
samples were dehydrated by immersing them in pure ethanol P.A. (C,HgO) for about
60 min to allow the impregnation of the wood by the PMMA polymer. The nomenclatures
assigned to the samples after the delignification are specified in Table 1.

Table 1. Nomenclatures used for delignified wood and their respective delignification time.

Delignified Woods Nomenclatures
Delignified pristine wood for 15 min DW15min
Delignified pristine wood for 30 min DW30min
Delignified pristine wood for 45 min DW45min
Delignified pristine wood for 60 min DW60min

2.3. MMA Impregnation

MMA and benzoyl peroxide at a weight ratio of 98.5:1.5 were mixed to prepare the
polymeric solution. The solution was heated at 70 °C for 15 min and then cooled in an ice
bath at 10 °C until reaching room temperature, resulting in a pre-polymerization of the
MMA solution. For wood impregnation, the delignified wood veneers were placed in Petri
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dishes and covered with the pre-polymerized solution for 2 h. The polymer permeated the
wood by capillarity at atmospheric temperature and pressure.

Afterward, the samples were wrapped in aluminum foil, placed between two metal
plates to preserve their anatomical structure, and then placed in a forced air circulation
oven at 75 °C for 4 h for complete MMA polymerization. After the polymerization, the
transparent wood samples were removed from the oven. The nomenclatures of the samples
after the polymerization are specified in Table 2.

Table 2. Nomenclatures used for delignified and subsequently impregnated wood with their respec-
tive delignification time.

Transparent Woods Nomenclatures
MMA impregnated DW15min TW15min
MMA impregnated DW30min TW30min
MMA impregnated DW45min TW45min
MMA impregnated DW60min TW60min

2.4. Chemical Characterization

Wet chemical analyses were performed only for the pristine wood and for the deligni-
fied wood groups (DW15min, DW30min, DW45min, and DW60min) to analyze the effect
of the kraft process in relation to the treatment time. The specimens were taken to a labora-
tory oven heated at 50 °C until reaching constant mass. After drying, the samples were
grinded in a Willey mill and sieved in a 40-mesh sieve in accordance with T257 cm-12 [30].
Afterward, the ethanol-toluene extractives (Tappi T204 om-97 [31]), acid-insoluble (Klason)
lignin (Tappi T222 om-98 [32]), ashes (T211 om-93 [33]), and holocellulose (remaining mass
up to 100%) contents were determined.

Fourier transform infrared spectroscopy (FT-IR) was performed in order to characterize
the structural chemical groups of the natural and the highest delignification groups. Thus,
pristine wood, DW60min, and TW60min were analyzed using a 4100 equipment (Shimadzu
Prestige 21 spectrometer equipped with ATR-8200), in which each spectrum resulted from
32 scans performed in the wavelength range of 4000 cm ™! to 400 cm~! with a resolution of
4 cm~1, scanner speed of 2 mm/s, and filter of 30.000 Hz filter.

2.5. Morphological Analyses

Morphological analyses were performed in the transverse and tangential planes using
surface images obtained by an optical microscope (Rohs® mark, 2.0 resolution), wherein
the images of pristine wood, delignified wood, and transparent wood were taken. The
pristine wood and TW60min group were submitted to scanning electron microscopy (SEM)
in a Phenon-World mark (Pro X model) with magnifications between 80 and 130,000 times
(resolution < 14 nm) to evaluate the MMA impregnation in the transparent woods. Finally,
the light transmittance spectra were measured with a UV-Vis spectrometer (CARY 5000
Spectrophotometer) and the wavelength range was 400-800 nm. The tests were carried out
in all the transparent wood groups in accordance with ASTM D1003 [34].

2.6. Thermogravimetric Analysis

A thermogravimetric analysis (TGA) was performed in the pristine wood, DW60, and
TW60 groups in order to analyze the thermal behavior of the samples at the end of the
treatment. A TGA-1000 equipment (Navas brand) was used, and the analysis was carried
out with a heating rate of 10 °C-min~! under an inert atmosphere and a nitrogen gas flow

of 2 L-min—!.

2.7. Color Measurements

Colorimetry was carried out to analyze the color change in the wood veneers due to
the delignification time. Pristine wood and transparent wood groups color parameters
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were measured with a UV-Vis spectrometer (CARY 5000 Spectrophotometer) following the
CIEL*a*b* method used to measure the luminosity index (L*) and chromaticity parameters
(coordinate (a*), coordinate (b*), and total color variation (AE)). Five readings were acquired
by each group.

2.8. Surface Analysis

The surface roughness of pristine wood and transparent wood groups was evaluated
using an Ambios XP-2 Mechanical Profilometer. Roughness (Surface Topography), 5 readings of
average roughness (Rz, average distance between peak and valley), and (Ra, average roughness)
per group were taken in the tangential plane. Five readings were acquired by each group.

Furthermore, surface hydrophobicity analysis was performed in order to evaluate
surface repellence to water in the natural and transparent wood groups. Five samples per
group were used, measuring the apparent contact angle at six different times, from 5 s to
60 s after water (a drop of 10 uL)/slide contact, using a Kruss DSA25 goniometer according
to the sessile drop method. Five readings were acquired by each group.

2.9. Water Absorption

The hydrophobicity of the material was evaluated for the transparent wood group by
the water repellency efficiency (WRE). Initially, the samples were oven-dried at 100 °C (to
constant mass) to standardize the initial moisture condition. Five readings were acquired
by each group.

The level of WRE of the transparent wood at different delignification times was
measured during four immersion-drying cycles. In each cycle, the mass and volume of
the samples were measured at zero time (the samples dried at 100 °C) and after 96 h of
immersion. With the data obtained, the WRE was calculated by Equation (1).

WRE = ((AM nt — AM t)/(AM nt)) x 100% (1)

where AM = (Mu — Ms)/Ms where AM = mass change; Mu = wet sample mass (g); Ms = dry
sample mass (g); t = treated; and nt = untreated.

2.10. Mechanical Properties

Tensile tests were carried out according to the ASTM D 638-10 [35] with adaptations
to the dimensions of the test specimens, which were 70 mm x 20 mm X 0.6 mm. For that,
5 readings were acquired by each group using a Universal Mechanical Testing machine
(DL500 Emic), with a load cell of 5 kN at a controlled speed of 5 mm/min. Tensile strength
(o1) was calculated by dividing the maximum load sustained by the specimen by the
average original cross-sectional area in the gage length. Percent elongation at break was
determined by the change in gage length at the point of specimen rupture. The modulus
of elasticity (E;) was calculated by the linear portion of the load vs. displacement curve.
Finally, the toughness was calculated by the area under the load vs. displacement curve.

2.11. Statistical Analysis

All the data were submitted to the one-way ANOVA analysis of variance, except for
the contact angle. The homogeneity of the variances and normality of data were verified
using the Shapiro-Wilk tests. Whenever the null hypothesis was rejected, Tukey’s tests
were used to compare the means, and all the statistical analyses were implemented at the
5% significance level.

3. Results and Discussion
3.1. Chemical Composition

Table 3 shows a significant increase in the ash content after the delignification processes,
which can be attributed to the inorganic salts used in these treatments. These salts, such
as NaOH and Naj,S5, contribute to the removal of lignin from the wood, but they can also
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introduce additional mineral content into the wood structure [36]. As a result, compared to
the pristine wood, the other chemical quantities were all reduced in the delignified ones.

Table 3. Chemical composition of the eucalyptus wood prior to and post the delignification processes.

Holocellulose (%) Extractives (%) Ashes (%) Acid-Soluble Lignin (%) Acid-Insoluble Lignin (%)
Pristine wood 69.52 £0.54 ¢ 2.63 £0.25 ab 0.08 £0.05a 1.16 £0.18 ¢ 26.60 £0.27 e
DW15min 4337 £1.53a 2.05+1.65a 30.25 + 0.08 b 0.34+0.24 ab 23.98 +0.50 d
DW30min 44.36 + 0.48 ab 2.55 + 0.41 ab 30.96 £ 0.51 be 0.23+0.07 a 21.86 £ 0.89 ¢
DW45min 4490 & 2.37 ab 3.96 + 0.77 bc 31.66 £ 0.64 c 0.69 £0.13b 18.76 £ 1.72b
DW60min 46.05+1.22b 5.06 + 0.45 ¢ 3284 £0.37d 0.58 4 0.28 ab 15.46 £ 0.45a

where different letters represent statistically different means.

When comparing the delignified woods, it is observed that the acid-soluble lignin
content remained stable, while the extractives and holocellulose contents increased, and
acid-insoluble lignin content decreased with the delignification time. These trends can
be explained by the fact that during the delignification process, the treatment primarily
targets the acid-insoluble lignin and, as a result, that acid-soluble lignin fraction is less
affected and remains relatively stable throughout the process [37]. According to Jiang [38],
the acid-insoluble portion of lignin is more easily dissolved and removed in an alkaline
environment, as it reacts readily with the hydroxide ions (OH-) from NaOH, forming
soluble alkali lignin compounds. These compounds can be washed away during the rinsing
process, and the lignin becomes soluble in the alkaline medium. Additionally, the increase
in the extractives and holocellulose contents can be attributed to the removal of lignin,
which acts as a barrier, making these components more inaccessible for extraction [39,40].

Figure 1 displays the variation in both the percentage of removed lignin and the total
lignin content (c.a. the sum of the soluble and insoluble lignin in acid). It can be observed
that the lignin removal increased gradually with the delignification time, reaching 42.22%
after 60 min. The achieved lignin contents can be considered higher than most of those
found in the literature related to veneers intended for transparent wood manufacturing.
After the hydrogen peroxide treatment, based on the literature, it is expected that lignin
removal increase by approximately 15%, which may depend on some influencing factors,
such as the concentration of hydrogen peroxide, treatment time, temperature, and the
initial lignin content in the wood [41-43].

[ |Pristine wood [l DW15min [ DW30min [l DW45min ] DW60min

50

42.22
€
29.94 e
S 401 .
= d
<
>
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S 304
= 20.33
‘=
40 c
% I
S 20+ 12.43 I
& b
=]
S
& 10
0

Delignification time (min)

Figure 1. Percentage of lignin removal for the delignified wood veneers where different letters above
the bars represent statistically different means.
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It’s important to highlight that eucalyptus wood requires careful consideration. As
reported by Pinto et al. [44], at temperatures below 70 °C, about 20% of the lignin dissolves
without major structural changes. However, when the temperature exceeds 70 °C, the lignin
in the cell wall undergoes significant degradation and fragmentation before dissolving.

However, it is essential to note that the final lignin content of the delignified wood
does not singularly dictate the final transparent wood properties. The other attributes of the
delignified wood, such as the cellulose structure, pore characteristics, chemical composition,
density, and the impregnation process [45,46], substantially impact the properties of interest
in transparent wood. Therefore, the final properties of transparent wood may depend on
various factors, including the lignin content, microstructure, chemical composition, presence
of defects, processing conditions, impurities, and moisture content [20,47,48]. Despite this, the
study conducted by Wu et al. [20] reported variation in the final lignin contents ranging from
9 to 24% for delignified Basswood (Tilia) veneers. This specific study employed a mixture of
2 wt% NaClO,, 0.1 wt% glacial acetic acid, and 97.9 wt% ultrapure water. The dried samples
underwent delignification in a water bath oscillator at 80 °C, with an oscillation frequency of
40 rpm, for different treatment durations spanning from 30 to 150 min.

3.2. FTIR Spectroscopy

Figure 2 displays the FTIR spectra of the original eucalyptus veneer, as well as the
samples subjected to the 60 min delignification treatment (DW60min) and the subsequent
impregnation with PMMA (TW60min). In addition to the peaks associated with the
presence of carbohydrates at 1030 cm~! (C-O-C stretching in cellulose) and 1730 cm !
(acetyl groups in hemicelluloses) [46], the pristine wood exhibits absorption bands related
to lignin, such as those near 1700 cm ! (C=0 stretching in lignin) [40] and 1200-1100 cm !
(C-O stretching in lignin) [49].

Pristine wood DW60min —o— TW60min
3330 1593-1502
= ‘ 2910 P :
N
[0}
Q
g 3750-3100
g
o
B
< P O<—1146
)
o)
2997
‘ 245 p 090
o b ° O »
0000000088 ©0000000000°
I I I I I
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 2. FT-IR spectra of a pristine wood, a delignified wood, and a transparent wood.

In comparison to the pristine wood, the modified samples exhibited a reduction at
1700 cm ! and a disappearance of lignin-related absorption bands at 1500-1600 cm ! as
a result of the delignification process. The delignified sample (DW60min) also displayed
alterations in absorbance at various wavenumbers corresponding to wood components due



Forests 2024, 15, 1544

8 of 19

to the delignification treatment, such as at 1510-1550 cm ™! (associated with C-H bending
vibrations in lipid components and linked to C=C stretching vibrations in phenolic rings
present in tannins and other phenolic compounds) [50].

Within the transparent wood (TW60min), there was an indication of PMMA-related
absorption bands, including carbonyl stretching at approximately 1720-1730 cm ! [47].
Additionally, newly emerged absorption bands associated with PMMA polymerization
were detected at 2990 cm ™! (an increase in CHj stretching vibrations signifying the presence
of methyl groups in the polymer structure) [47]. Furthermore, both the DW60min and
TW60min samples displayed an enhanced prominence of a cellulose- and hemicellulose-
related peak (1730 cm™!), indicating the removal of lignin.

3.3. Thermal Stability

The pristine wood presented a typical gradual weight loss in the temperature range
corresponding to the decomposition of wood components, with major weight loss at-
tributed to the breakdown of cellulose, hemicellulose, and lignin (Figure 3). Besides, the
DTG curve displays sharp peaks corresponding to the decomposition of different wood
components, with distinct peaks for cellulose, hemicellulose, and lignin degradation. This
thermal decomposition profile is normally divided into three stages. The initial phase takes
place within a lower temperature span (20-100 °C), primarily linked to the expulsion of
adsorbed and absorbed water molecules alongside volatile substances. The subsequent
phase demonstrates a substantial mass reduction (approximately 70%), corresponding to
the devolatilization phenomena related to wood polysaccharides manifesting between
300 and 400 °C. The ultimate stage involves a gradual mass decrement, occurring within
the temperature range of 250-500 °C, attributed to the gradual decomposition of lignin. A
comprehensive elucidation of this thermal progression was put forth by [51].

Pristine wood DW60min —o— TW60min
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‘s 50 E ]
S \ £ ] d
40 \ B Q [
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10 el % 429 °C
(! 1 4
0 T T T T T T T

T T T T T T T T T
50 100 150 200 250 300 350 400 450 500 50 100 150 200 250 300 350 400 450 500
(A) Temperature (°C) B Temperature (°C)

Figure 3. (A) and (B) show, respectively, the loss of mass in relation to temperature and the derivative
of the loss of mass in relation to time for pristine wood, delignified wood for 60 min and transparent
wood that was delignified for 60 min.

The delignified sample exhibited a decreased weight loss within the temperature
range of 120-350 °C, attributed to the lignin removal. This led to a smoother and earlier
decomposition profile compared to the pristine wood. Additionally, the DTG peak observed
at 340 °C for the pristine sample shifted to 353 °C for the delignified one, suggesting the
absence of significant lignin-related peaks. These findings are consistent with previous
research on delignification’s impact on thermal properties [8,52].

Moving to the transparent wood, distinct weight loss stages associated with the de-
composition of wood components and PMMA impregnation were not discernible, possibly
due to overlapping effects. This aligns with the findings in the literature that note the
challenge of distinguishing between individual weight loss stages when multiple compo-
nents are involved. The absence of a clear differentiation might stem from the complex



Forests 2024, 15, 1544

90f19

interaction between the wood components and impregnated polymers, influencing the
thermal degradation process.

The primary thermal event indicated by the shift of the DTG peak from 353 °C to
429 °C in the delignified wood upon PMMA impregnation confirms the presence of PMMA.
This shift can be attributed to the interactions between PMMA and the wood structure,
affecting the thermal behavior. Previous studies suggest that the presence of polymers
can lead to shifts in the thermal degradation peaks, emphasizing the influence of the
impregnation materials on the thermal properties of wood [8].

3.4. Hygroscopic Characteristics

Figure 4 illustrates the apparent contact angle dynamics over a period of 60 s. In
the case of the pristine wood, the initial contact angle was relatively high, measuring
around 120°. However, this angle consistently decreased over time, reaching nearly 0°
at approximately 55 s. This decrease in contact angle can be attributed to the wood’s
surface becoming more hydrophilic as water molecules were progressively absorbed into
the porous structure. This phenomenon aligns with prior research that highlights the
wettability of wood surfaces due to capillary action and the interaction of water with cell
wall components [53].
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Figure 4. Contact angle results of the pristine and transparent woods.

Conversely, the transparent woods, produced through various delignification dura-
tions, exhibited minimal variations in the evolution of contact angles. Despite differences
in the delignification times, the contact angles remained within a relatively narrow range of
75-68° across all the samples. Such stability can be attributed to the uniform distribution of
the impregnating polymer, which can act as a protective layer on the wood’s surface. Stud-
ies suggest that polymer impregnation can alter the surface chemistry of wood, affecting its
interaction with liquids and consequently stabilizing contact angles [9].

The WRE data (shown in Figure 5) exhibit the same pattern as the contact angle,
indicating no significant differences in the comparison between the means obtained from
different cycles, nor even in a comparison among the different types of transparent wood.
The congruence between the WRE and contact angle data underscores the reliability and
reproducibility of transparent wood’s surface modifications. This consistency opens doors
for utilizing transparent wood in diverse technological applications, where controlled
surface interactions play a crucial role in material performance.
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Figure 5. Water repellence efficiency (WRE) data for the transparent woods.

3.5. Mechanical Properties

Regarding the results concerning the tensile mechanical properties (Figure 6), there
was a gradual reduction in the properties of the transparent woods as a function of the
delignification time, except for the wood delignified for the longest duration (60 min),
which exhibited mechanical properties similar to the pristine wood lamina (non-delignified).
These properties are higher than those found in the literature [19,45,47,54].

The observed trend in decreasing tensile mechanical properties in the transparent
woods as the delignification time increases can be attributed to the removal of lignin.
Lignin serves as a binding material in the wood’s cell wall structure, providing mechanical
strength and rigidity. Studies have indicated that the removal of lignin leads to a decrease
in the load-bearing capacity of the wood [55,56]. As the wood’s structural integrity is
compromised through delignification, its ability to withstand mechanical stress, such as
tension, gradually diminishes.

Conversely, the transparent wood sample delignified for the longest duration dis-
playing mechanical properties to the pristine wood lamina suggests that a critical point
might have been reached where further delignification does not yield substantial benefits
in terms of mechanical performance. This could be due to the presence of other wood
components, such as cellulose and hemicellulose, which contribute to the material’s me-
chanical properties. The preservation of these components, even in the face of extensive
delignification, could explain the relatively unchanged mechanical behavior [57]. The
advantage of transparent wood over pristine wood for structural applications, in addition
to the transparency given to the material, is the ductility associated with the calculated
toughness, since the work to fracture is higher for TW60min. Studies have indicated that
the high work to fracture is mainly caused by the intrinsic properties of the polymer, the
complex hierarchical structure of the wood, and the effects of the composite material in the
form of new hardening mechanisms [58].
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Figure 6. Tensile strength (A), tensile modulus (B), toughness (C), and elongation at break (D) data
for the pristine wood and transparent woods where E; is the tensile modulus and oy is the tensile
strength. Where: Different letters above the deviations represent statistical differences between the
groups according to ANOVA.

3.6. Surface Roughness

In terms of surface roughness (Figure 7), both the pristine wood and the wood deligni-
fied for 15 min demonstrated the highest mean values of Ra and Rz. In contrast, the woods
subjected to longer delignification periods (30, 45, and 60 min) exhibited reduced levels of
surface roughness, with similar values observed across these samples.

The higher surface roughness observed in the original wood and the wood delignified
for 15 min can be attributed to the presence of lignin and other cell wall components. Lignin,
being a relatively rigid and irregular polymer, can contribute to surface irregularities.
Moreover, the cell wall’s natural structure, which consists of various components with
differing mechanical properties, can result in variations in surface roughness. Prior research
has established that the presence of lignin and cellulose fibrils can contribute to a higher
surface roughness in wood samples [20,25].

The decrease in the surface roughness observed in the woods delignified for longer
periods aligns with the concept that delignification tends to result in smoother surfaces. The
removal of lignin, which often protrudes from the wood surface, can lead to a more uniform
and smoother surface [59,60]. This effect becomes more prominent as delignification
progresses and lignin is progressively removed from the wood’s structure. Additionally,
during the impregnation process, the surface of the transparent wood is coated with an
ultrafine layer of PMMA [61].

The convergence of the surface roughness values among the woods delignified for
longer durations suggests that beyond a certain point, further delignification might not
significantly impact the surface roughness. This could be due to the fact that after extensive
delignification, the remaining wood components have a more consistent impact on the
surface topography [62].
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Figure 7. Average roughness (Ra) and average distance between the peak and valley (Rz) for the
pristine and transparent woods. Where: Different letters above the deviations represent statistical
differences between the groups according to ANOVA.

3.7. Optical Characteristics

Compared to the pristine wood, most variations in light absorption and transmission
for the UV-Vis spectra of the transparent woods delignified for 15 min and 30 min can be
ascribed to the removal of lignin, although slight changes in the wavelength range could
also indicate the interaction between the wood and PMMA. Conversely, the transparent
woods delignified for 45 min and 60 min presented further increases in the differences in the
UV-VIS spectra (especially in the 300-550 cm ! wavelength range) which could be observed,
indicating more substantial interaction between the eucalyptus wood and the impregnated
PMMA. Therefore, the interaction between eucalyptus wood and impregnated PMMA
seems to become more evident as lignin is removed, resulting in increased transparency
and alterations in the UV-VIS spectra. Previous studies have reported similar results [58,63],
and current research shows that transmittance values vary significantly depending on the
acrylic polymer used. For example, Wachter et al. [64] found that transmittance did not
exceed 70% when using basswood and PMMA in transparent wood studies. Likewise, Liu
et al. [65] achieved transmittance values of 70%, consistent with the findings of this study
(Figure 8).

There was a trend in the lightening and fading of the wood as its delignification time
increased (as shown in Figure 9), which is consistent with the literature [66,67]. These
findings are evidenced by the gradual increase in the L* values, accompanied by a gradual
decrease in both the a* and b* values.
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Figure 9. Colorimetric parameters of transparent woods in relation to their delignification time.

This shift in color attributes can be attributed to the removal of lignin, a component
responsible for the natural coloration of wood, along with potential alterations in the
arrangement and interaction of the wood polymers [37,68]. As lignin diminishes, the
wood’s inherent lightness becomes more prominent, leading to higher L* values. The
reduction in the a* and b* values suggests a decrease in the intensity of the reddish and
yellowish hues, contributing to the overall paler appearance.
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However, the transparent wood delignified for 60 min stood as an exception and
exhibited a higher L* value. Interestingly, there seems to be a correlation between the
aforementioned tensile properties and the observation that the transparent wood subjected
to extended delignification (60 min) displayed a deeper coloration compared to its coun-
terparts. This contrast is noteworthy, especially considering the prevailing trend in wood
lightening with prolonged delignification times. The underlying explanation could be
related to the intricate interplay of the wood components. As the delignification process
continues, the removal of lignin exposes cellulose and hemicellulose, which could undergo
chemical reactions or structural changes leading to the observed darkening effect. This
divergence from the anticipated lightning trend underscores the complex nature of wood
modification processes and warrants further investigation.

3.8. Morphological Characteristics

During visual observation (Figure 10), the wood samples subjected to different treat-
ment times in the kraft process exhibit distinct transformations. After 15 min, subtle
alterations in the transparency and color become discernible, marking the initial stages
of the wood’s transition towards transparency. At the 30 min mark, the transparency
improves further, accompanied by some color shifts (as aforementioned). Following the
treatment of 45-60 min, significant enhancements in transparency are evident, accompanied
by pronounced color changes, and no substantial differences between these two samples
are noticeable.

TWI15min

TW30min

TW45min

TW60min

Figure 10. Photographs and optical images of the transparent woods.

The evolving characteristics of the wood samples subjected to different treatment times
in the kraft process were also analyzed based on optical images (shown in Figure 11). After
15 min, subtle changes in the transparency and surface texture become apparent, signifying
the initial phase of wood modification. Additionally, the wood’s initial brownish coloration
might shift towards a more yellowish hue. Continuing for 30 min, the transparency
advances, and the cellular structure changes become more discernible, accompanied by
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a transition from a brownish coloration to a yellowish tint. Extending the treatment time
to 45-60 min, notable shifts in the cellular structure and transparency indicate significant
wood modification and successful polymer impregnation.

10.00kV  10.0mm

© ()

Figure 11. SEM images for the pristine wood (A,C) and transparent wood called MT60min (B,D).

The SEM imaging of the MT60min transparent wood sample offers a revealing com-
parative perspective when contrasted with the original untreated wood. In contrast to
the original untreated wood, which exhibits a relatively uniform and intact cellular struc-
ture (Figure 11A), the SEM images of the transparent wood sample portray an increased
presence of porosity and surface irregularities (Figure 11B). The microstructural alter-
ations signify the ongoing removal of lignin, which contributes to the observed porous
regions [20,69]. Additionally, the introduction of polymer impregnation accentuates the
shifts in the microstructure, leading to microcracks and variations in the surface texture
(Figure 11D), as already reported in the literature [70].

Therefore, based on the SEM analyses, it can be stated that the delignified samples
displayed a noticeable increase in porosity, particularly in the regions where lignin was
removed. These porous regions correspond to the areas where lignin, which serves as
a binding agent in the wood structure, was dissolved during the kraft process. In the
transparent wood samples, the impregnation of PMMA into the porous structure resulted
in a more homogeneous microstructure, with fewer microcracks and reduced surface
irregularities. The presence of PMMA within the wood’s cellular structure was evident in
the SEM images, indicating a successful polymer impregnation. These micro-morphological
changes provide insights into the effectiveness of the delignification and impregnation
processes, highlighting the potential of the modified eucalyptus wood for transparent
wood applications. The observed microstructural modifications are consistent with the
improvements in the mechanical properties and transparency reported in this study.

4. Conclusions

In this study, the application of the kraft process to create transparent wood from
Brazilian eucalyptus showcased promising outcomes. Delignification times played a
crucial role in influencing thermal stability, compositional changes, and microstructural
transformations. As expected, the longer the delignification time, the higher the lignin
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removal from the sample, resulting in a delignification percentage of 42.22% at 60 min into
the process. Although some studies in the literature have achieved a higher delignification
content than that found in this work, the results obtained with the TW60min group have
already proven to be satisfactory for obtaining wood with transparency characteristics.
Furthermore, the use of this kraft process with eucalyptus wood is innovative, and further
research should be conducted to improve this methodology. In this context, the UV-Vis
spectroscopy revealed the transition from lignin-rich wood to transparent wood, with
distinct absorption bands indicating successful PMMA impregnation. The colorimetric
analyses traced the color shifts and transparency, while the microstructural studies depicted
the gradual changes in the surface texture and cellular structure. The mechanical properties
showed a delicate balance between delignification and mechanical integrity, with critical
preservation observed at 60 min of treatment. The surface roughness and wettability
analyses indicated changing physical attributes, and visual observations aligned with
analytical findings, portraying the progressive nature of transformation. These combined
results enhance our understanding of the potential of transparent wood, laying a solid
foundation for innovative applications in architecture, design, and sustainable materials.
Overall, the kraft pulping process has the potential to stimulate economic growth, create
value-added products, and drive sustainable development in Brazil and beyond. These
findings pave the way for future research in optimizing process parameters and exploring
the effects of varying the chemical composition of raw materials to enhance both the optical
properties and overall performance of transparent wood.
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