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Abstract: Transparent or translucent wood has garnered significant attention in recent years. In this
preliminary work, the best delignification conditions for two wood species grown in Uruguay, Pinus
taeda and Eucalyptus bosistoana, were determined. It was analyzed to determine which species is more
suitable for the process. The effects of temperature and NaCl2 concentration during delignification
were the focus; delignified wood was impregnated with epoxy resin. Wood anatomy was observed
with SEM and FTIR spectra were analyzed. The results suggest that the best delignification conditions
were a reaction time of 300 min, a NaClO2 concentration of 3.5% at a constant temperature of 80 ◦C,
and bleaching with H2O2 for one hour at 80 ◦C. Both wood species are suitable for the development
of transparent wood.
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1. Introduction

Construction is a main contributor to the social and economic development of any
country. However, the long life cycle of the buildings involves potential economic losses
and has a great impact on the environment. Energy consumption is huge during the whole
cycle: the extraction of raw materials, their transportation, the use of them on the buildings
and their modifications, and finally in their demolition. For this reason, cutting-edge
sustainable technologies in the area of construction are being promoted to move towards
meeting the UN Sustainable Development Goals. According to FAO [1], wood-based
alternative products, such as those of wood engineering, are ever more used, as they can
replace those based on fossil fuels [2,3]. Wood’s physical–mechanical properties, anisotropy,
and anatomical and ultra molecular structure make this renewable material of sustainable
production an excellent candidate for modification and combination with other materials
in the pursuit of new developments, one of which is transparent wood [4–6].

Transparent wood has garnered a lot of attention in the last few years for its high
optical transmittance, high safety, light weight, excellent mechanical robustness and low
thermal conductivity, which make it an energy-efficient material for construction and other
applications [4,5].

Anisotropy, the presence of light absorbing chemical groups, and the complex structure
of the wood make it opaque. To turn it transparent, it needs to be chemically bleached, a
process by which the compounds which absorb or scatter light in the visible spectrum are
removed. These, such as lignin and all of its associated chromogenic compounds (such
as polyphenols and tannins, among others) are responsible for the characteristic brown
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color. The most commonly used products in this stage are sodium chlorite, NaClO2, or
the mixture of sodium hydroxide, NaOH, and sodium thiosulfate, Na2S2O3, along with
peracetic acid [6–9].

After bleaching, a polymer must be included in the structure of the delignified wood to
achieve new properties, which will depend on the incorporated polymer, and which deter-
mine the final application of the obtained material. If a monomer with high transmittance
and a refractive index similar to that of cellulose and its surroundings (n = 1.56 [4]) is added,
high optical transparency is achieved. This property allows light to pass through a material
without observable scattering [7] meaning the material has a uniform refractive index.
Commonly used resins include polymethyl methacrylate (PMMA) [10], epoxy resin [11],
or compounds such as polyvinyl alcohol (PVA) [12], polyvinyl pyrrolidone (PVP), and
polyester resin with MEKP catalyst (methyl ethyl ketone peroxide) [13].

Delignification of the wood must be controlled to reduce the degradation of the cell
wall as much as possible [14]. At the delignification stage the integrity of polysaccharides
must be preserved so that the native cell morphology is not altered by the treatment.
The choice of wood species is vital to the whole process. In this preliminary work, the
behavior of two wood species grown in Uruguay was compared: Pinus taeda, a low-density
coniferous species with low extractive content, and Eucalyptus bosistoana, a hardwood
species with high density and high extractive content. The best delignification conditions
for both wood species were determined, and their overall suitability for the process was
analyzed and compared. The results will be scaled up in a future phase, as life-cycle analysis
of the product suggests that scaling up to an industrial level has less environmental impact
than laboratory-scale production and according to the literature, it is favorable from an
ecological perspective [15].

2. Materials and Methods
2.1. Wood Samples

A total of 240 samples of dimensions (50.0 mm × 50.0 mm × 3.0 mm) ± 0.5 mm were
cut from Pinus taeda and Eucalyptus bosistoana wood (120 of each). E. bosistoana trees were
chosen from a multispecies shelterbelt located in the Bernardo Rosengurtt Experimental Sta-
tion of the Faculty of Agronomy of Universidad de la República (32◦21′26′′ S, 54◦26′34′′ W,
Cerro Largo, Uruguay). P. taeda trees were chosen from a plantation in the same station.
Half the samples were cut crosswise, and the other half lengthwise (tangentially). The
basic density was calculated based on the weight and volume of each species. The samples
were oven dried at 103 ± 2 ◦C for 24 h and kept in a desiccator. Based on bibliographical
references [16,17] and setting up tests, the temperature was set at 80 ◦C, while NaClO2 was
chosen as the main bleaching agent as it is highly efficient in reproducible concentrations.

2.2. Delignification Process

A 23 factorial design was carried out. Three independent variables were studied at
two levels: the concentration of NaClO2 (from Sigma-Aldrich, Saint Louis, MO, USA), at 2%
and 3.5%; the delignification time, at 180 and 300 min; and the cutting plane of the sample,
lengthwise and crosswise. The temperature was maintained at 80 ◦C. Table 1 shows the
experimental conditions of the delignification tests.

Six samples of the same species, three cut lengthwise and three crosswise, were placed
in 250 mL bohemian glasses. A measure of 100 mL of NaClO2 was added to each glass,
which was then heated on a heating iron without stirring for the times laid out in the
experimental design. The tests were performed twice. The response variable was the
qualitative observation of the samples, looking out for discoloration and degradation.
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Table 1. Experimental conditions of the delignification tests on P. taeda and E. bosistoana samples
according to the experimental design.

Test Number Cutting Plane NaClO2 (%) Time (min)

1 Lengthwise 3.5 180
2 Crosswise 2 300
3 Crosswise 2 180
4 Lengthwise 3.5 300
5 Crosswise 3.5 180
6 Lengthwise 2 300
7 Lengthwise 2 180
8 Crosswise 3.5 300

After delignification, half the samples were bleached for a second time with a H2O2
solution for 60 min at 80 ◦C. All samples were washed with deionized water and stored
in absolute ethanol until impregnated. Absolute ethanol removes residual water and
improves the penetrability of the wood.

2.3. Impregnation Process

Impregnation was carried out in an acrylic desiccator, connected to a vacuum pump
and a pipe to let the resin in. Inside the desiccator, the samples were placed in glass lids.
The resin flowed through the pipe to the lids. Firstly, the effect of the level of vacuum on
the delignified wood was analyzed, so that it was neither so excessive that it would make
the wood collapse, nor so insufficient the resin would not get inside the wood.

Once the samples were placed inside, the desiccator vacuum was set at −70 kPa and
maintained for 20 min. The vacuum allows the resin, with their respective accelerators, to
seep through the microstructure of the wood; 5-min cycles of vacuum-atmospheric pressure
were repeated twice. The epoxy resin EpoKukdo YD 128, a liquid-type standard resin
derived from Bisphenos A, was used. The curing agent was DOCURE KH-816, a modified
cycloaliphatic amine. The samples were kept immersed for 2 min and then removed from
the resin, placed between glass, and placed in an oven at 45 ◦C for 48 h to curate the resin.

2.4. SEM Analysis

SEM analysis was performed with a JEOL JCM-6000 PLUS (Jeol USA, Peabody, MA,
USA) scanning electron microscope in high vacuum mode with an accelerating voltage of
10 kV and SE detector.

2.5. FTIR Analysis

Fourier-transform infrared spectroscopy (FTIR) was performed with an IR Prestige-21
Shimadzu spectrometer (Kyoto, Japan), working at a 5 cm−1 resolution and running
32 scans per sample.

3. Results and Discussion

Density is a very important characteristic of wood which determines its physical and
mechanical properties. It depends on many factors: age, growth site, and environmental
conditions, among others. Density is influenced by the wood’s anatomy, affecting the final
product [18]. The total lignin content of the wood, its location in the cell wall (middle
lamella–secondary wall), the syringyl/guaiacyl (S/G) unit ratio, and the corresponding
degree of condensed linkages between units [19], are factors that, in turn, determine how
easily the lignin can be removed without damaging the remaining cellulose matrix. These
factors also vary with species. Hardwoods have a lignin content ranging from 20% to 25%,
consisting of S and G units, while conifers have a lignin content ranging from 26% to 32%,
mainly composed of G units [18,19].
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Results show that the basic density of Eucalyptus bosistoana was 0.826 g/cm3, double
that of Pinus taeda at 0.41 g/cm3. The removal of the lignin and chromophoric com-
pounds affects cellulose and hemicellulose, which can make the structure of the wood
so frail it collapses. This is especially critical for species of low density such as P. taeda.
However, under the same reaction conditions, P. taeda yielded better results because its
lower density improves the diffusion of the reagent inside its structure and the removal of
chromophore compounds.

Hence, for the same reaction time, less reagent was needed for P. taeda. The time
required for total delignification was 300 min for both species; in the case of P. taeda, the
wood weakened but did not collapse. In the future, partial delignification [7] for a shorter
time (between 180 and 300 min) will be considered. Partially delignified P. taeda retains its
distinct growth rings, which many authors describe as “aesthetic transparent wood” [3].

Some authors have identified time as a key factor in how it interacts with different
wood species. For instance, balsa [17] and poplar [20] wood have shown improved results
when delignified with NaClO2 for longer reaction times (6 and 24 h, respectively).

The better performance of the crosswise-cut samples in both species can be explained
by the increased availability of empty spaces for diffusion. Another critical factor observed
was the importance of maintaining homogeneous wood width. Any spot that is wider,
even by a few millimeters, will delignify slower and produce darker areas.

To further enhance the appearance of the wood, some samples were bleached for a
second time with H2O2, which improves the final product without damaging the wood.
Figure 1 shows delignified samples after bleaching with H2O2.
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Figure 1. Samples bleached with H2O2 after delignification: (a) P. taeda and (b) E. bosistoana.

Once a cellulose-rich white template was obtained, the empty spaces left by the
removed lignin allowed resin to penetrate the polymer matrix. The results depended on
the level of vacuum applied and the even distribution of resin throughout the structure.
Polyester resin was discarded in favor of epoxy resin, which distributed more easily
throughout the wood. Samples cut crosswise impregnated better than those cut lengthwise,
indicating that resin primarily spread through the lumens, as supported by the literature.

3.1. SEM Analysis

Figure 2 shows the wood appearance after delignification with 3.5% NaClO2 for
300 min for P. taeda (a, b) and E. bosistoana (c, d). Crosswise-cut P. taeda shows enlarged
and deformed cell lumens and a thinned cell wall due to the loss of its structural polymers.
Delignification did not significantly damage the structure of eucalyptus’ cell wall. After
impregnation, the epoxy resin occupies both the empty cellular lumens and the cell wall
with a heterogeneous distribution (Figure 2e,f). As with Pinus wood, the epoxy resin
distributes heterogeneously both in the lumens and the walls.
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Figure 2. Cut wood: (a) cut crosswise normal pine wood, (b) cut crosswise delignified pine wood,
(c) cut lengthwise delignifiedeucalyptus wood, (d) cut crosswise delignified eucalyptus wood, (e) cut
crosswise pine wood impregnated with epoxy resin, (f) cut lengthwise eucalyptus wood impregnated
with epoxy resin.

3.2. FTIR Analysis

The absorption peaks characteristic of natural wood and those of the delignified and
later impregnated wood were compared by FTIR analysis. Delignification can be analyzed
not only through the loss of lignin itself but on the damage to the structural carbohydrates.

In accordance with the literature [14,17,21], the considered absorption peaks were the
following: 3417 cm−1 assigned to the vibrational narrowing of the O-H bond in cellulose,
2920 cm−1 assigned to the vibrational narrowing of the C-H bond, 1735 cm−1 assigned
to the acetyl site of the hemicellulose, 1504 cm−1 assigned to vibrational narrowing of
the aromatic skeleton of lignin, and 1165 cm−1 assigned to C-O-C vibrational tapping
of cellulose.

In E. bosistoana, the absorption peaks at 3417 cm−1 and 1165 cm−1 corresponding to
cellulose decrease sharply with a longer reaction time or a higher NaClO2 concentration.
This means that increasing both factors degrade cellulose. This happens regardless of
the cut, although the tangential cut seems to be more sensitive to changes in time or
concentration, as suggested by the sharper decrease in the peaks at 1765 cm−1 assigned to
hemicellulose and 1504 cm−1 assigned to lignin; the fluids diffuse through empty spaces
rather than through the cell walls. Figure 3 shows the comparison of FTIR graphics.
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4. Conclusions

Both wood species grown in Uruguay are suitable for the development of transparent
or translucent wood.

The best delignification conditions were a reaction time of 300 min, and a NaClO2
concentration of 3.5% at a constant temperature of 80 ◦C. A second round of bleaching with
H2O2 for one hour at 80 ◦C improves the results.

Delignification conditions turned out to be the most consequential factor. Wood density
has no impact on the process. A higher extractive content may increase the consumption of
reactive chemicals during the process.

Author Contributions: Conceptualization and methodology, C.M.I. and P.R.; formal analysis, investi-
gation, C.M.I., R.S. and P.R.; data curation, R.S.; writing—original draft preparation, C.M.I., R.S. and
P.R.; writing—review and editing, C.M.I.; supervision, C.M.I. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: To Tania Rabinovich for text translation and edition.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Food and Agriculture Organization, FAO. Available online: https://www.fao.org/home/es (accessed on 15 May 2024).
2. Jele, T.B.; Andrew, J.; John, M.; Sithole, B. Engineered transparent wood composites: A review. Cellulose 2023, 30, 5447–5471.

[CrossRef]

https://www.fao.org/home/es
https://doi.org/10.1007/s10570-023-05239-z


Environ. Earth Sci. Proc. 2024, 31, 11 7 of 7

3. Mi, R.; Chen, C.; Keplinger, T.; Pei, Y.; He, S.; Liu, D.; Hu, L. Scalable aesthetic transparent wood for energy efficient buildings.
Nat. Commun. 2020, 11, 3836. [CrossRef] [PubMed]

4. Fink, S. Transparent wood—A new approach in the functional study of wood structure. Holzforschung 1992, 46, 403. [CrossRef]
5. Yang, H.; Wang, H.; Cai, T.; Ge-Zhang, S.; Mu, H. Light and wood: A review of optically transparent wood for architectural

applications. Ind. Crops Prod. 2023, 204, 117287. [CrossRef]
6. Simelane, N.P.; Olatunji, O.S.; John, M.J.; Andrew, J. Engineered transparent wood with cellulose matrix for glass applications: A

review. Carbohydr. Polym. Technol. Appl. 2024, 7, 100487. [CrossRef]
7. Mariani, A.; Malucelli, G. Transparent Wood-Based Materials: Current State-of-the-Art and Future Perspectives. Materials 2022,

15, 9069. [CrossRef]
8. Bansal, R.; Barshilia, H.C.; Pandey, K.K. Nanotechnology in wood science: Innovations and applications. Int. J. Biol. Macromol.

2024, 262 Pt 2, 130025. [CrossRef] [PubMed]
9. Montanari, C.; Olsén, P.; Berglund, L.A. Sustainable Wood Nanotechnologies for Wood Composites Processed by In Situ

Polymerization. Front. Chem. 2021, 9, 682883. [CrossRef] [PubMed]
10. Zhu, S.; Kumar Biswas, S.; Qiu, Z.; Yue, Y.; Fu, Q.; Jiang, F.; Han, J. Transparent wood-based functional materials via a top-down

approach. Prog. Mater. Sci. 2023, 132, 101025. [CrossRef]
11. Mariani, A.; Malucelli, G. Transparent wood-based materials: A new step toward sustainability and circularity. Next Mater. 2024,

5, 100255. [CrossRef]
12. Mi, R.; Li, T.; Dalgo, D.; Chen, C.; Kuang, Y.; He, S.; Zhao, X.; Xie, W.; Gan, W.; Zhu, J.; et al. A Clear, Strong, and Thermally

Insulated Transparent Wood for Energy Efficient Windows. Adv. Funct. Mater. 2020, 30, 1907511. [CrossRef]
13. Anish, M.C.; Pandey, K.K.; Kumar, R. Transparent wood composite prepared from two commercially important tropical timber

species. Sci. Rep. 2023, 13, 14915. [CrossRef] [PubMed]
14. Wu, Y.; Jichun, Z.; Qiongtao, H.; Feng, Y.; Yajing, W.; Jing, W. Study on the Properties of Partially Transparent Wood under

Different Delignification Processes. Polymers 2020, 12, 661. [CrossRef] [PubMed]
15. Rai, R.; Ranjan, R.; Dhar, P. Life cycle assessment of transparent wood production using emerging technologies and strategic

scale-up framework. Sci. Total Environ. 2022, 846, 157301. [CrossRef] [PubMed]
16. Zhu, M.; Song, J.; Li, T.; Gong, A.; Wang, Y.; Dai, J.; Yao, Y.; Luo, W.; Henderson, D.; Hu, L. Highly Anisotropic, highly transparent

wood composites. Adv. Mater. 2016, 28, 5181–5187. [CrossRef]
17. Li, Y.Y.; Guo, X.L.; He, Y.M.; Zheng, R.B. House model with 2–5 cm thick translucent wood walls and its indoor light performance.

Eur. J. Wood Wood Prod. 2019, 77, 843–851. [CrossRef]
18. Mania, P.; Kupfernagel, C.; Curling, S. Densification of Delignified Wood: Influence of Chemical Composition on Wood Density,

Compressive Strength, and Hardness of Eurasian Aspen and Scots Pine. Forests 2024, 15, 892. [CrossRef]
19. Kacik, F.; Durkovic, J.; Kacikova, D. Structural characterization of lignin by syringyl to guaiacyl ratio and molecular mass

determination. In Lignin: Structural Analysis, Applications in Biomaterials and Ecological Significance; Lu, F., Ed.; Nova Science
Publishers: Hauppauge, NY, USA, 2014; pp. 67–89.

20. He, W.; Wang, R.; Guo, F.; Cao, J.; Guo, Z.; Qiang, H.; Liang, S.; Pang, Q.; Wei, B. Preparation of Transparent Fast-Growing
Poplar Veneers with a Superior Optical Performance, Excellent Mechanical Properties, and Thermal Insulation by Acetylation
Modification Using a Green Catalyst. Polymers 2022, 14, 257. [CrossRef] [PubMed]

21. Chutturi, M.; Gillela, S.; Manohar Yadav, S.; Wibowo, E.; Sihag, K.; Rangppa, S.; Bhuyar, P.; Siengchin, S.; Antov, P.; Kristak, L.;
et al. A comprehensive review of the synthesis strategies, properties, and applications of transparent wood as a renewable and
sustainable resource. Sci. Total Environ. 2023, 864, 161067. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41467-020-17513-w
https://www.ncbi.nlm.nih.gov/pubmed/32737288
https://doi.org/10.1515/hfsg.1992.46.5.403
https://doi.org/10.1016/j.indcrop.2023.117287
https://doi.org/10.1016/j.carpta.2024.100487
https://doi.org/10.3390/ma15249069
https://doi.org/10.1016/j.ijbiomac.2024.130025
https://www.ncbi.nlm.nih.gov/pubmed/38340917
https://doi.org/10.3389/fchem.2021.682883
https://www.ncbi.nlm.nih.gov/pubmed/34277566
https://doi.org/10.1016/j.pmatsci.2022.101025
https://doi.org/10.1016/j.nxmate.2024.100255
https://doi.org/10.1002/adfm.201907511
https://doi.org/10.1038/s41598-023-42242-7
https://www.ncbi.nlm.nih.gov/pubmed/37689764
https://doi.org/10.3390/polym12030661
https://www.ncbi.nlm.nih.gov/pubmed/32183499
https://doi.org/10.1016/j.scitotenv.2022.157301
https://www.ncbi.nlm.nih.gov/pubmed/35839879
https://doi.org/10.1002/adma.201600427
https://doi.org/10.1007/s00107-019-01431-w
https://doi.org/10.3390/f15060892
https://doi.org/10.3390/polym14020257
https://www.ncbi.nlm.nih.gov/pubmed/35054663
https://doi.org/10.1016/j.scitotenv.2022.161067
https://www.ncbi.nlm.nih.gov/pubmed/36565890

	Introduction 
	Materials and Methods 
	Wood Samples 
	Delignification Process 
	Impregnation Process 
	SEM Analysis 
	FTIR Analysis 

	Results and Discussion 
	SEM Analysis 
	FTIR Analysis 

	Conclusions 
	References

