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Abstract
The urgent need for sustainable construction materials has catalyzed research into formaldehyde-free
adhesives for wood composites and the effective valorization of industrial wood residues. This study
addresses the growing demand for sustainable alternatives to formaldehyde-based adhesives in the wood
composites industry. The present research focuses on developing oriented strand board (OSB) panels
using veneer-wood leftovers bonded with two formaldehyde-free adhesives: phenol-lignin-glyoxal (PLG)
and phenol-tannin-glyoxal (PTG) resins. The adhesive formulations were developed with a focus on
environmental compatibility, mechanical strength, and moisture resistance, following procedures and
compositions previously reported in scientific literature. Thus, while the adhesive systems themselves are
not novel, their application in the valorization of wood veneer residues for OSB manufacturing represents
a significant advancement. Furthermore, this study presents an innovative approach to mitigate these
challenges by repurposing veneer-wood leftovers-a byproduct constituting approximately 20% of plywood
manufacturing-as a sustainable feedstock for OSB panels, thereby reducing dependence on raw timber.
OSB panels were fabricated through a hot-pressing process and evaluated for physical and mechanical
performance, including density, modulus of rupture (MOR), water absorption, and thickness swelling over
time. The OSB/PLG panels demonstrated superior mechanical strength, while OSB/PTG panels showed
enhanced water resistance, highlighting the distinct advantages of each formulation. Notably, OSB
manufacturing typically relies on juvenile hardwoods, raising concerns over deforestation and short-
rotation forestry. In contrast, utilizing veneer-wood waste as feedstock offers an environmentally
beneficial route to reduce raw wood consumption and promote circular resource use. This research
contributes to the advancement of bio-based adhesives for engineered wood products by validating the
performance of glyoxal-crosslinked lignin and tannin systems in OSB applications. The findings support
the industrial feasibility of replacing conventional synthetic resins with renewable alternatives, aligning
with environmental regulations and sustainability goals.
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Introduction
The urgent need to move towards sustainable development has subjected the construction industry, a
significant contributor to resource consumption and environmental impact, to close examination [1,2].
Traditional construction materials often entail significant energy consumption, resource depletion, and
greenhouse gas emissions, prompting a concerted search for greener alternatives [3]. In this context,
engineered wood products have emerged as pivotal materials, offering favorable lifecycle assessments and
the ability to sequester carbon [4]. Oriented Strand Board (OSB) is commonly used as a structural panel in
residential and commercial buildings due to its mechanical efficiency, cost-effectiveness, and ability to
utilize fast-growing tree species and smaller diameter logs [5].

Despite the inherent benefits of wood, the environmental credentials of conventional OSB panels have
been significantly challenged by their historical reliance on formaldehyde-based adhesives, such as
phenol-formaldehyde (PF), urea-formaldehyde (UF), and melamine-urea-formaldehyde (MUF) resins [6].
Formaldehyde is classified as a Group 1 human carcinogen by the International Agency for Research on
Cancer (IARC) [7], and its emission from wood-based panels poses risks to indoor air quality and human
health, including respiratory issues and allergic reactions [8-10]. Consequently, stringent international
regulations, such as the European E1/E0 classifications, have been implemented to curtail formaldehyde
emissions from these products [11]. This regulatory landscape, coupled with heightened consumer
awareness, has intensified the research and development of effective, formaldehyde-free adhesive systems
for the wood panel industry [12,13]. Comparative life cycle assessments are increasingly highlighting the
environmental advantages of shifting toward bio-based adhesives for OSB production [14,15].

Lignin, the second most abundant terrestrial biopolymer, represents a highly promising, renewable
feedstock for the development of such formaldehyde-free adhesives [16]. As a complex phenolic polymer,
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lignin is abundantly available as a byproduct from the pulp and paper industry (e.g. Kraft lignin,
lignosulfonates) and emerging biorefineries (e.g. organosolv lignin), offering a diverse range of chemical
structures depending on its source and extraction method [17,18]. Its aromatic backbone and inherent
reactive functional groups (e.g. phenolic hydroxyls, aliphatic hydroxyls) make it theoretically suitable for
polymerization into adhesive resins [19-21]. The conversion of lignin into higher-value products, such as
adhesives, represents an approach in promoting the circular bioeconomy and decreasing dependence on
petrochemicals [22,23].

However, the direct utilization of untreated industrial lignins in adhesive formulations is often hampered
by their inherent structural complexity, high molecular weight, polydispersity, and relatively low reactivity
compared to synthetic phenols [24,25]. To address these limitations, various modification strategies have
been explored. Chemical modifications such as phenolation, demethylation, or methylolation can
introduce more reactive sites onto the lignin macromolecule [26-28]. Among physical and chemical
treatments, depolymerization has garnered significant interest as a method to break down the large lignin
polymer into smaller, more uniform oligomers or monomers [29,30]. These depolymerized lignin fractions
typically exhibit lower viscosity, increased solubility, and a higher concentration of reactive functional
groups, potentially leading to enhanced adhesive penetration and cross-linking efficiency [25,31].

In the development of formaldehyde-free adhesive systems, glyoxal (C 2H2O2), a less volatile and

significantly less toxic dialdehyde, has emerged as a viable alternative cross-linker for phenolic
compounds, including lignin [26,32,33]. The reaction between lignin and glyoxal can lead to the formation
of a cross-linked network suitable for wood bonding, as demonstrated in studies on lignin-glyoxal (LG)
adhesives [26,34]. While LG adhesives can achieve satisfactory dry bond strength, their performance under
humid conditions or direct water exposure, a critical factor for many wood panel applications, often
requires improvement [26,35-37].

To potentially enhance both mechanical performance and water resistance, while also managing costs,
ternary systems incorporating phenol with lignin and glyoxal (PLG resins) have been investigated [36-38].
In these formulations, lignin acts as a partial substitute for petroleum-derived phenol, contributing to the
bio-based content of the adhesive [6,39-41]. The specific use of depolymerized lignin within a PLG
formulation, as explored in the present research, is hypothesized to offer advantages due to the increased
reactivity and accessibility of the smaller lignin fragments, potentially leading to a more efficiently cured
and robust adhesive network [35,42].

Complementing advancements in adhesive chemistry, the sustainable sourcing of lignocellulosic raw
materials is paramount. The utilization of wood industry residues, such as veneer leftovers from plywood
or Laminated Veneer Lumber production, aligns with circular economy principles by transforming low-
value byproducts into valuable feedstock for panel manufacturing. However, the inherent variability in
residue quality and geometry can pose challenges in achieving consistent panel properties [43].

For comparative purposes, tannin-based adhesives, another significant class of formaldehyde-free bio-
adhesives, have also demonstrated considerable potential in wood panel production, often exhibiting
excellent bonding properties [33,44-47].

Despite progress, critical gaps persist. First, most lignin adhesive studies focus on particleboard or
fiberboard, with limited exploration of OSB-a panel requiring superior mechanical properties for
structural applications [48,49]. Second, while tannin adhesives perform better in moisture resistance, their
brittleness and low thermal stability hinder OSB performance [32,44]. Third, veneer-wood waste remains
underexploited in OSB production, with prior research prioritizing virgin strands.

A comprehensive investigation into OSB-type panels produced from wood veneer leftovers using an
adhesive system based specifically on depolymerized lignin, glyoxal, and phenol is still needed to fully
evaluate its technical feasibility and performance characteristics. This study aims to address this gap by
developing and evaluating OSB-type panels using adhesive formulations developed with a focus on
environmental compatibility, mechanical strength, and moisture resistance, following procedures and
compositions previously reported in scientific literature [26,47,50]. Thus, while the adhesive systems
themselves are not novel, their application in the valorization of wood veneer residues for OSB
manufacturing represents a significant advancement. This research proposes to contribute to the
development of sustainable, high-performance building materials by valorizing industrial wood residues
and advancing formaldehyde-free adhesive technology. The findings aim to inform adhesive
manufacturers, wood panel producers, and policymakers about viable pathways to replace formaldehyde-
based resins without compromising performance or increasing production costs. Moreover, this work
addresses key research gaps identified in recent literature. While many studies have tested lignin or
tannin adhesives in particleboard or plywood, few have extended these systems to OSB using industrial
wood waste. The novelty of combining depolymerized lignin with glyoxal and phenol in OSB applications-
and benchmarking it against a tannin-based system-represents a significant contribution to the field of
green composites. Our research provides a scientific foundation for transitioning the wood panel industry
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toward circular, health-conscious manufacturing paradigms.

Materials And Methods
Methodology
Materials
The lignocellulosic raw material consisted of leftover pine (Pinus sp.) veneer strands (length 15-50mm,
thickness 0.5-1.0mm), collected from plywood production waste of a commercial plywood mill in
Michoacán, México. Strands were dried to 8% moisture content and stored at 20°C and 65% relative
humidity until use. Kraft lignin, obtained as a byproduct from the pulp and paper industry, was used for
the primary adhesive formulation. For comparative adhesive system, condensed tannins were also
utilized. Phenol (99% purity), glyoxal (40%wt solution in H₂O), and sodium hydroxide (NaOH) pellets (98%
purity) were purchased from Sigma‑Aldrich and used without further purification.

Synthesis of Lignin- and Tannin-Based Adhesives
Two different formaldehyde-free adhesive formulations were prepared for this study: a phenol-lignin-
glyoxal (PLG) resin and a phenol-tannin-glyoxal (PTG) resin. The synthesis procedure was adapted from
methodologies established in previous studies [33,41,51]. For the PLG adhesive, depolymerized Kraft
lignin was used to substitute 90% of the phenol on a weight basis. In a reaction vessel, the required
amounts of phenol and lignin were dissolved in 50 g of deionized water. The pH of the solution was
adjusted and maintained between 11.0 and 12.0 by the controlled addition of a 10 N NaOH solution to
catalyze the reaction and ensure the dissolution of the phenolic components. Subsequently, glyoxal was
added to the mixture as a cross-linking agent. The reaction was carried out at 100°C for 90 minutes under
constant mechanical agitation to ensure homogeneity. The same procedure was followed for the PTG
resin, with condensed tannins replacing the lignin. Figure 1 shows the synthesis process.

FIGURE 1: Flow chart of the synthesis process for the adhesive
formulation
Schematic of adhesive synthesis process for PLG and PTG resins: (a) Reagents (phenol, lignin/tannins, glyoxal,
NaOH); (b) Glyoxal addition as cross-linker; (c) Phenol dissolution; (d) Lignin/tannin incorporation; (e) Temperature-
controlled reaction (100°C) under mechanical agitation; (f) Final formaldehyde-free adhesive product. Adapted from
the methodologies detailed in references [33,41,51].

Preparation of Wood Strands from Veneer Leftovers
The Pinus sp. veneer leftovers were processed into strands with target dimensions suitable for OSB
prototypes: length ranging from 15 mm to 50 mm, width of 15 mm, and thickness of 0.5-1 mm. The
strands were then conditioned to a target moisture content of 8%. The conditioned strands were treated in
an autoclave with steam vaporization at 125°C and 0.14 MPa for 4 hours before adhesive application to
enhance surface activation and dimensional stability, as illustrated in Figure 2.
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FIGURE 2: Preparation of wood strands from veneer leftovers
(a) Pine veneer waste processed into OSB-compatible strands (15–50 mm length, 15 mm width, 0.5–1 mm
thickness); (b) Autoclave steam treatment (125°C, 0.14 MPa, 4 h) for surface activation and dimensional stabilization
prior to adhesive application.

OSB Panel Manufacturing
Three-layer OSB panels were prepared at laboratory scale with dimensions appropriate for laboratory
testing, following the length/width/thickness ratios outlined in ASTM D1037-12 (15.5 cm × 8.3 cm × 0.9
cm). The target density was set to exceed 750 kg/m³. Wood strands were sprayed with FF, PLG, and PTG
adhesives at a resin solids content of 10% relative to oven-dry weight. Adhesive-coated strands were
arranged manually into a three-layer mat, positioning face layer strands parallel to the panel’s length and
core layer strands perpendicular, as illustrated in Figure 3.

FIGURE 3: Manual assembly of the three-layer OSB mat
The diagram illustrates the process of assembling adhesive-coated wood strands to produce laboratory OSB
prototypes using formaldehyde-free phenolic resin adhesives (PLG or PTG), with PF used as a control. The three-
layer mat features face layer strands aligned with the panel length for strength, and core strands placed
perpendicular for stability. This layout follows standard OSB methods, optimizing structural performance and using
veneer waste as a sustainable resource. OSB, oriented strand board; PLG, phenol-lignin-glyoxal; PTG, phenol-
tannin-glyoxal; PF, phenol-formaldehyde

The mat was subjected to hot pressing in a hydraulic press (EKA, 40-ton capacity) equipped with
electrically heated platens. The pressing procedure was carried out at a constant pressure of 4.9 MPa (50
kg/cm²) and a platen temperature of 140°C over a period of 8 minutes (480 seconds), as displayed in Figure
4. The cycle included a pre-heating ramp to ensure uniform heat distribution throughout the mat.
Following the pressing process, panels were conditioned at 20°C ± 2°C and 65% ± 5% relative humidity for
48 hours until equilibrium moisture content was achieved prior to testing.
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FIGURE 4: The hot-pressing process is used to consolidate OSB panels
This procedure involves a laboratory-scale hydraulic press, which compresses the adhesive-coated wood mat into a
panel that is dense and uniform. The mat undergoes high pressure (4.9 MPa) and temperature (140°C) for 8 minutes.
OSB, oriented strand board

Physical and Mechanical Characterization

The properties of the manufactured OSB panels were evaluated in accordance with the American Society
for Testing and Materials (ASTM) D1037-12 standard: "Standard Test Methods for Evaluating Properties of
Wood-Base Fiber and Particle Panel Materials", under controlled atmospheric conditions (20°C ± 2°C, 65%
± 5% RH).

Density: Panel density was assessed through weight and volume measurements employing a precision
balance (±0.01 g) and digital calipers (±0.01 mm). For statistical analysis, five specimens of each panel
type were evaluated.

Water Absorption and Thickness Swelling: Water resistance was evaluated by fully immersing test
specimens (15.7 × 3.5 × 0.9 cm), prepared from laboratory-fabricated panels, in accordance with ASTM
D1037 standards. The specimens were placed horizontally under 2.54 cm of distilled water at a
temperature of 20°C ± 1°C. Measurements of specimen weight and thickness were taken prior to
immersion and subsequently after 2 and 24 hours of submersion, utilizing a precision balance and digital
calipers. Water Absorption (WA) and Thickness Swelling (TS) were determined as the percentage increase
relative to the initial dry condition.

Flexural Properties: Static bending properties were determined using a universal testing machine (Instron
5582) with a three-point loading configuration. Test specimens with dimensions of 15.7 cm × 3.5 cm × 0.9
cm were loaded at a constant crosshead speed of 5 mm/min until failure. The span-to-depth ratio was
maintained at 16:1 as specified in ASTM D1037-12. Both Modulus of Rupture (MOR) and Modulus of
Elasticity (MOE) were calculated from load-deflection curves recorded during testing (Figure 5).
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FIGURE 5: The MOR and MOE of the prototypes was determined by a
universal machine
Three-point bending test setup in a universal testing machine used to determine both modulus of rupture (MOR) and
modulus of elasticity (MOE). Specimen dimensions: 15.7 × 3.5 × 0.9 cm; support span = 12 cm; loading rate = 5
mm/min; tests performed at 20°C and 65% RH to comply with ASTM D1037.

Characterization tests were conducted using five samples from each prototype (n = 5) to ensure statistical
reliability of the results.

Statistical Analysis: Characterization tests used five replicates per panel type for statistical reliability,
following similar studies [52,53]. Data were analyzed with one-way ANOVA and Tukey's HSD post-hoc test
(α = 0.05). Results are reported as mean ± standard deviation.

Results And Discussion
Results and discussion
The physical and mechanical properties of OSB panels made from Pinus sp. veneer residues and bonded
with formaldehyde-free PLG and PTG adhesives were evaluated and compared to those produced with
conventional phenol-formaldehyde (PF) adhesives. A one-way ANOVA was conducted to assess statistical
differences between the adhesive types. The OSB prototypes are displayed in Figure 6.

FIGURE 6: OSB-type samples
Visual differences among the three OSB panel prototypes: (a) OSB/PF, the control with PF adhesive, appears light
brown; (b) OSB/PLG, using PLG adhesive, is dark brown to nearly black due to Kraft lignin; and (c) OSB/PTG,
bonded with PTG adhesive, features a reddish-brown color from condensed tannins. OSB, oriented strand board;
PLG, phenol-lignin-glyoxal; PTG, phenol-tannin-glyoxal; PF, phenol-formaldehyde

Physical Properties: Density and Water Resistance
The experimental results demonstrate that all panel formulations achieved consistent densities within
acceptable ranges for structural OSB applications. Mean densities were 1040 ± 80 kg/m³ for OSB/PLG, 1060
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± 60 kg/m³ for OSB/PTG, and 1100 ± 120 kg/m³ for OSB/PF controls. The slightly higher density of
conventional panels reflects the different curing characteristics and penetration behavior of
formaldehyde-based resins compared to glyoxal-cross-linked systems. The lack of significant density
differences (ANOVA p = 0.217) validates the experimental design and ensures that subsequent property
comparisons reflect true adhesive performance rather than density effects.

Water resistance properties, quantified through Water Absorption (WA) and Thickness Swelling (TS)
measurements, revealed significant performance differences between adhesive formulations. The
comprehensive results are presented in Table 1, showing measurements at both 2-hour and 24-hour
immersion periods to assess initial and prolonged moisture exposure effects. The results are summarized
in Table 1.

Adhesive Type Density (g/cm³) WA 2 h (%) WA 24 h (%) TS 2 h (%) TS 24 h (%)

PF (Control) 1.100 ± 0.12 21.96 ± 2.64 28.53 ± 3.24 36.87 ± 5.56 45.67 ± 1.97

PLG (Lignin) 1.040 ± 0.08 21.10 ± 1.55 42.94 ± 3.39 23.38 ± 1.73 39.11 ± 0.92

PTG (Tannin) 1.060 ± 0.06 12.06 ± 0.92 27.56 ± 1.01 8.21 ± 0.91 17.80 ± 3.63

TABLE 1: Density, water absorption and thickness swelling of OSB type panels. Data presented as
Mean ± Standard Deviation (SD)
ANOVA p-values: Density = 0.217; Water Absorption 2 h = 0.696; Water Absorption 24 h = 0.742; Thickness Swelling 2 h = 0.662; Thickness Swelling 24 h =
0.317. OSB, oriented strand board; PLG, phenol-lignin-glyoxal; PTG, phenol-tannin-glyoxal; PF, phenol-formaldehyde

All p-values exceed 0.05, suggesting that the formaldehyde-free adhesives (PLG and PTG) produce panels
with physical properties comparable to the PF control, without significant deviations. This is positive for
sustainability, as it implies bio-based alternatives can match conventional performance. No post-hoc tests
(e.g., Tukey's HSD) were needed due to non-significance, but if trends persist in future studies, they could
be explored. The results indicate that the OSB/PTG panels exhibited higher water resistance compared to
both the OSB/PLG and the conventional OSB/PF panels. After 24 hours, the OSB/PTG panels showed a TS
of only 17.80%, which is less than half that of the OSB/PLG (39.11%) and OSB/PF (45.67%) panels.
Similarly, the WA for OSB/PTG panels (27.56%) was significantly lower than that for OSB/PLG (42.94%)
and comparable to the PF control (28.53%). This superior performance is attributed to the inherent
characteristics of tannins. Tannins, as polyphenolic compounds, possess high reactivity with glyoxal and
can form a highly cross-linked, hydrophobic adhesive network [44], which effectively limits water
penetration and subsequent swelling. Conversely, the OSB/PLG panels, while showing good initial water
resistance after 2 hours (21.10%), demonstrated significantly higher WA and TS after 24 hours (42.94%).
This suggests that the lignin-glyoxal bond is more susceptible to hydrolysis over prolonged water
exposure compared to the tannin-glyoxal bond [46]. This finding is consistent with literature that
highlights the need to improve the water resistance of lignin-based adhesives for certain applications [34].

Mechanical Performance: Flexural Strength
Table 2 summarizes the mechanical properties of three categories of OSB panels produced with distinct
adhesive formulations: OSB/PF (the control group, utilizing conventional PF adhesive), OSB/PLG (phenol-
lignin-glyoxal, a formaldehyde-free lignin-based alternative), and OSB/PTG (phenol-tannin-glyoxal, a
formaldehyde-free tannin-based alternative). Each value represents the mean ± standard deviation
calculated from five samples per prototype (n = 5). These mechanical parameters are essential for
evaluating the structural performance and application potential of OSB panels in construction,
particularly as bending strength (MOR) and stiffness (MOE) are key indicators of load-bearing capacity
and resistance to deformation.
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Adhesive Type MOR (MPa) MOE (MPa)

PF (Control) 27.66 ± 3.24 1942.86 ± 416.12

PLG (Lignin) 25.86 ± 9.05 2717.25 ± 960.69

PTG (Tannin) 24.55 ± 2.44 2323.46 ± 208.19

TABLE 2: Mechanical properties (MOR and MOE) of OSB type panels. Data presented as Mean ±
Standard Deviation
ANOVA p-values: MOR = 0.460; MOE = 0.181. MOR, Modulus of Rupture; MOE, Modulus of Elasticity; OSB, oriented strand board; PLG, phenol-lignin-
glyoxal; PTG, phenol-tannin-glyoxal; PF, phenol-formaldehyde

Statistical analysis (ANOVA) indicates that adhesive type does not have a significant effect on either MOR
or MOE, suggesting that panels manufactured with formaldehyde-free adhesives retain their structural
integrity even when produced from waste feedstocks. The high standard deviations observed reflect
sample variability, which may be attributed to the heterogeneity of residual veneer material, highlighting
the need for further process optimization. Among formulations, PLG displays the highest average strength
(MOR) but also exhibits considerable variability (~35%), compared to PF (~12%) and PTG (~12%). The
increased variability in PLG panels is primarily related to the intrinsic properties of lignin-based
adhesives. Depolymerized lignin contains fragments with diverse molecular weights and reactive site
densities, resulting in inconsistent curing across the panel matrix. This molecular heterogeneity
influences bond formation uniformity between wood strands, as smaller lignin fragments penetrate wood
tissue at varying depths, leading to irregular adhesive distribution and mechanical performance within
panels. Furthermore, the lignin-glyoxal cross-linking reaction is characterized by more complex kinetic
behavior than the tannin-glyoxal system, contributing to spatial variation in cure completeness.

While variability exists, all formulations show mean MOR values above 20 MPa and MOE around 2000
MPa, meeting or exceeding EN 300 OSB/2 standards (minimum 18 MPa) and demonstrating industrial
feasibility [54].

Overall Discussion and Implications
In summary, the use of adhesives did not markedly impact mechanical strength: both MOR and MOE
ANOVA results were non-significant, indicating comparable flexural properties among PLG, PTG, and PF
panels. Conversely, adhesive type influenced water resistance: PTG panels exhibited substantially lower
water absorption than PF panels, with PLG showing intermediate performance. Additionally, all panel
types experienced significantly greater thickness swelling after 24 hours compared to 2 hours, regardless
of the adhesive employed.

This study effectively demonstrates that industrial veneer-wood residues can be repurposed into high-
performance OSB panels using sustainable, formaldehyde-free adhesives. The findings highlight a
noteworthy trade-off between two bio-based adhesive systems: the PLG formulation provides superior
mechanical strength, while the PTG formulation excels in water resistance. This differentiation supports
targeted applications-OSB/PLG panels are recommended for dry, interior structural uses requiring
enhanced load-bearing capacity, whereas OSB/PTG panels are preferable for environments susceptible to
moisture or elevated humidity [55,56].

The research makes a significant contribution by validating the application of depolymerized Kraft lignin
at a high substitution rate (90%) for phenol in OSB production. This approach substantially reduces
dependence on petroleum-derived phenol and transforms lignin, an industrial byproduct of low economic
value, into a high-performance binder, thereby advancing the principles of circular bioeconomy.
Moreover, the complete replacement of carcinogenic formaldehyde with non-toxic glyoxal addresses key
health and environmental concerns, enabling manufacturers to comply with rigorous international air
quality standards.

By integrating veneer waste, this work presents an environmentally favorable pathway to lower raw wood
consumption and foster circular resource utilization within the forest products sector. The demonstrated
technical viability provides a robust scientific basis for guiding the wood panel industry toward more
sustainable, circular, and health-conscious manufacturing practices. Future research should prioritize
optimizing the PLG formulation to improve moisture durability without compromising mechanical
integrity, potentially through coupling agents or further chemical modification of lignin.
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Conclusions
The development of OSB panels from industrial veneer‑wood residues using high‑substitution,
formaldehyde‑free PLG and PTG adhesives has been demonstrated to yield technically viable composites
with distinct performance advantages. The PLG formulation achieved flexural strengths nearly equivalent
to conventional phenol‑formaldehyde panels while valorizing depolymerized lignin as a renewable phenol
substitute, thereby maintaining load‑bearing capacity without reliance on petrochemicals. Conversely, the
PTG panels exhibited superior moisture resistance, evidenced by markedly lower water absorption and
thickness swelling, highlighting the capacity of condensed tannins to form a robust, hydrophobic network
suited to humid environments. The statistical analysis of the panels' performance validates the
development of distinct composites with tailored properties, offering a significant contribution to
sustainable manufacturing. A key finding is the clear performance trade-off between the two bio-adhesive
systems. The PLG panels exhibited mechanical properties (MOR and MOE) that were statistically
comparable to the conventional PF control panels. However, the high-performance variability observed in
the PLG formulation suggests that while promising, further optimization is needed to ensure consistent
reliability for structural applications. Together, these findings confirm that veneer‑waste feedstocks can
be transformed into structural OSB products through tailored, non‑toxic adhesive systems that meet or
exceed established performance benchmarks.

The broader implications of this research offer a clear roadmap for a paradigm shift within the wood panel
industry toward more sustainable and health-conscious manufacturing. By demonstrating the potential
for application-specific material design, this work moves beyond the search for a single, universal
replacement for formaldehyde resins. OSB/PLG panels are ideally suited for dry, load-bearing structural
applications such as interior framing, I-joist components, and furniture, where mechanical performance is
paramount. In contrast, OSB/PTG panels are suitable for applications demanding durability in humid
environments, including wall and roof sheathing, subflooring, and cabinetry in kitchens and bathrooms.

This research provides a prototypical model of the circular bioeconomy in action, establishing a waste-to-
value pathway that transforms low-value byproducts into durable goods, thereby reducing landfill
pressure, mitigating the consumption of raw timber, and decreasing the industry's reliance on finite
petrochemical feedstocks like phenol. Furthermore, the complete replacement of carcinogenic
formaldehyde with non-toxic glyoxal directly addresses critical regulatory and market demands, enabling
manufacturers to comply with stringent international indoor air quality standards and meet growing
consumer preference for healthier building materials.

Beyond validating a sustainable route to OSB manufacture, this work advances circular‑economy and
indoor‑air‑quality objectives by replacing carcinogenic formaldehyde with glyoxal while upcycling wood-
processing byproducts. The dual‑adhesive strategy affords manufacturers the flexibility to match panel
properties to end‑use requirements-prioritizing mechanical strength or water durability as needed-
without sacrificing environmental or health considerations. Future efforts should focus on optimizing the
hydrolytic stability of PLG panels, potentially via coupling agents or further lignin modification, and on
enhancing the toughness of PTG systems to broaden their structural applicability. By integrating chemical
innovation with residue valorization, this research lays a foundation for transitioning wood‑panel
production toward more sustainable, health‑conscious paradigms.
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