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Abstract

The transition to sustainable construction materials is essential to reducing the environmental
footprint of the building industry. This research project aims to develop, characterize, and optimize
thermoset biocomposite materials for use in additive manufacturing—specifically, 3D printing of structural
housing components. By integrating renewable fillers and partially bio-based resin matrices, the project
proposes novel composite formulations that meet the dual demand for high performance and environmental
responsibility. The research was structured in three complementary studies. The first focused on enhancing
epoxy resin with cellulose nanofibers (CNFs) derived from both bleached and lignin-containing pulp, to
assess how residual lignin influences reinforcement efficiency. It was found that 0.75 wt% bleached CNF
significantly improved composite toughness (41%) and stiffness (79%), while lignin-containing CNFs,
although mechanically less effective, contributed to thermal stability through their antioxidant nature. The
second study addressed the processability of bio-filled epoxy composites by optimizing extrusion
parameters for wood flour—epoxy systems. Using a factorial design, the effects of particle size, wood
content, and extrusion rate were evaluated. A 55:45 epoxy-to-wood ratio was identified as optimal, yielding
composites with superior mechanical performance, dimensional stability, and fire resistance—confirming
their suitability for extrusion-based 3D printing applications.

To further enhance the sustainability of the matrix itself, the third study investigated the partial
replacement of petroleum-derived phenol in phenol-resorcinol-formaldehyde (PRF) resins with bio-oil
obtained from the pyrolysis of waste wood. Substitution levels of up to 50% were tested, with 30% bio-oil
replacement maintaining satisfactory flexural properties and curing behavior. Although 50% substitution
led to a decrease in strength and stiffness, it introduced ductility and flexibility into the material. Thermal
and curing behavior were shown to be tunable by adjusting the formulation and curing temperature.
Together, these studies provide a holistic approach to the design of bio-based thermoset composites—from

reinforcement and process optimization to resin sustainability. The findings demonstrate the feasibility of
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creating high-performance, 3D-printable construction materials that align with the goals of carbon

reduction, circular resource use, and sustainable development in the construction sector.
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Chapter 1

General Overview

1.1 Introduction

In recent years, the development of additive manufacturing technologies, such as Three-
dimensional (3D) printing, has revolutionized multiple industries, including construction (El-Sayegh et al.,
2020; Pan et al., 2021; Saba et al., 2016). Construction 3D printing (C3DP) is an innovative technology
aimed at automating traditional construction processes. Although there is no clear definition within the
industry, it is described as an additive manufacturing technique capable of creating buildings or components
directly from digital three-dimensional (3D) models, thereby minimizing human intervention and
simplifying the supply chain in construction (Zuo et al., 2019; Wang et al., 2023). The possibility of
manufacturing houses through 3D printing has garnered considerable interest as it offers innovative
solutions to reduce costs, optimize material usage, and minimize construction times (Shahzad et al., 2021).
However, one of the main challenges in this field is the search for materials that offer both structural

strength and environmental sustainability.

To date, concrete has been the most widely used material in construction, both in traditional
methods and additive manufacturing, due to its high mechanical strength, low production cost, local
availability, and its versatility to be molded into various shapes, including those required for three-
dimensional (3D) printing applications (Shahzad et al., 2021). Additionally, its thermal resistance,
durability, and composition (15% cement, 25-30% fine aggregates, 70-75% coarse aggregates, and 22%
water) contribute to its widespread use in construction. Its ease of adjusting viscosity and achieving
appropriate yield strength further supports its role as an ideal material for 3D printing. However, this

material is responsible for generating between 0.66 and 0.82 kg of CO2 per kilogram produced, accounting



for 7% of global emissions (Costa & Ribeiro, 2020). It is estimated that Portland cement consumption will

reach 6 billion tons by 2060 (Felipe Arbeldez Pérez et al., 2024).

Given the global demand to reduce CO2 emissions in the construction industry (Benhelal et al.,
2013; Miller et al., 2018), there is a need for innovative construction technologies that not only pave the
way for a sustainable construction future but also reduce construction costs and facility management while
providing a competitive advantage (Tay et al., 2017). The incorporation of wood waste and other
lignocellulosic materials into additive manufacturing (AM) presents a promising strategy to reduce
production costs and mitigate the environmental impact of construction processes (Krapez Tomec & Kariz,
2022). In the United States alone, sawmills generate substantial quantities of wood waste as a byproduct of
timber processing. For example, it is estimated that approximately 83.4 million tons of primary timber wood
and bark processing residues were produced in 2010, with nearly 98% of this material being recovered,
combusted, or otherwise utilized (U.S. Environmental Protection Agency, 2018). While some of these
residues are used in the manufacture of particle boards and fiberboards, the majority is still consumed for
energy generation, representing a low-value end use. Despite the abundance of this renewable resource, its

application in emerging AM technologies for construction remains largely unexplored (Carne et al., 2023).

Recent research has explored incorporating wood as a base material for filaments in AM by
blending it with thermoplastic resins such as polylactic acid (PLA), acrylonitrile butadiene styrene (ABS),
polyamide (nylon, PA), and polyether ether ketone (PEEK) (Dixit & Jain, 2020; Pop et al., 2019). However,
the remelting capability of these thermoplastics limits the mechanical strength of the final materials,
restricting their use to less demanding construction applications. Despite these limitations, leveraging
lignocellulosic waste in advanced manufacturing technologies remains a high-potential research area for

driving sustainable solutions in the industry.

For this reason, composite materials of thermosetting resins with wood, also known as thermoset
biocomposites, combine the hardness and strength of resins with the renewable properties of wood (Yang

et al., 2012). Among the most commonly used thermosetting resins are epoxy, phenolics, and urea-



formaldehyde, which are widely employed to enhance the physical properties of wood. These
biocomposites have emerged as a promising alternative thanks to their unique combination of mechanical
and thermal properties, making them an ideal solution for applications requiring strength, durability, and

sustainability.

This research project aims to develop, characterize, and optimize particulate thermoset
biocomposite materials tailored for 3D printing of sustainable housing components. The work explores the
synergistic combination of thermoset matrices—epoxy and phenol-resorcinol-formaldehyde (PRF)
resins—with lignocellulosic fillers and bio-based components derived from waste wood. Through a series
of systematic studies, the project evaluates the mechanical, thermal, and processing performance of these

bio-based composites.

1.2 Background

Currently, consumers, industries, and governments are increasingly prioritizing products made from
renewable and sustainable resources. These products must be biodegradable, free of petroleum-derived
components, carbon-neutral, and safe for both the environment and human health (Gardner & Wang, 2019).
This shift is driven by growing awareness of environmental issues, the need to reduce carbon footprints,

and stricter regulations aimed at promoting sustainable development and mitigating climate change.

Additive manufacturing, unlike traditional subtractive processes, enables the efficient creation of
complex products and functional components with minimal waste and reduced production costs. However,
significant advancements are still required to diversify material options and promote environmentally
friendly solutions, as many of the materials currently used remain petroleum-derived (Krapez Tomec &
Kariz, 2022). In this context, wood-plastic composites (WPCs) represent a promising alternative for
replacing traditional materials like cement while leveraging renewable resources such as wood. Wood

offers low density, low cost, and biodegradability, and when combined with plastics, its adhesive properties



as a matrix can be utilized (Hietala et al., 2011; Oksman & Clemons, 1998). This combination creates
improved materials with high stiffness, increased ductility, and better impact resistance (Nygérd et al.,
2008). Currently, the most commonly used wood material in composites is wood flour, which consists of
small wood particles with a relatively low aspect ratio obtained through milling. For composite products,

the optimal wood flour particle size ranges from 180 to 425 um (40 to 80 mesh sizes) (Pokhrel et al., 2021).

In the realm of composite materials, the most commonly used plastics are thermoplastics and
thermosets. Thermoplastics are characterized by their ability to be melted and reshaped repeatedly due to
their molecular bonds being formed through van der Waals forces. In contrast, thermosets cannot be
remelted once cured because they form stable and irreversible chemical bonds, a distinction that stems from
the extensive polymerization and cross-linking of their molecular chains (Zhang et al., 2024). This structural
difference gives thermosets unique properties that are particularly advantageous in applications such as
three-dimensional (3D) printing, where they significantly enhance interlayer adhesion, stiffness, and
hardness of the fabricated components (Zhang et al., 2024). Thermosets include resins such as epoxy,
phenolic, and urea-formaldehyde, which are widely used to improve the physical properties of wood,
enhancing its durability, resistance to fungi and insects, and reducing moisture absorption (Yang et al.,

2012).

The production of wood-plastic composites generally involves three main steps. The process begins
with wood processing, which includes selecting the appropriate wood, drying it to reduce moisture content,
milling (in the case of particulate composites), and sieving to obtain the desired particle size. Next, the
wood flour is combined with the polymer matrix to create a homogeneous mixture. Finally, the composite
is molded into final products using methods such as injection, extrusion, or compression molding, with
extrusion being the most commonly used technique for wood-plastic composite manufacturing (Hietala et
al., 2011; Ribeiro et al., 2023; Yang et al., 2012). Wood-plastic composites typically contain around 50%
wood, and in some cases, as little as 30% (Clemons, Craig, 2002). This indicates that 50—70% of the

material is still petroleum-based resin, which reflects a high dependence on petroleum-derived plastics.



One alternative to reduce the use of petroleum-based plastics is to partially replace these plastics with
bio-based materials (Raquez et al., 2010). Renewable resources offer a promising, sustainable platform to
substitute petroleum-based polymers, either partially or entirely. This is achievable by designing bio-based
polymers that can compete with or even surpass existing petroleum-derived materials in cost-performance
while offering high eco-friendliness (Kaplan, 1998). As a primary product of the fast pyrolysis of
agricultural and forestry biomass, bio-oil is low-cost, renewable, and contains significant quantities of
chemicals such as phenols, aldehydes, ketones, and acids (Xing et al., 2018). These characteristics position

bio-oil as a potential replacement for traditional fossil-based materials in the preparation of bio-adhesives.

Recent studies have explored the partial replacement of petroleum-based thermoset resins with bio-oil
for structural materials. Yu et al. (2018) developed a foaming bio-phenol resin (BPR) using bio-oil, phenol,
and paraformaldehyde under alkaline conditions, achieving a 10.5-47.4% increase in compressive strength
and a 25.0-50.5% increase in flexural strength with a 10-20% bio-oil substitution. Aslan et al. (2015)
investigated the gradual replacement of commercial phenol-formaldehyde (PF) adhesive with up to 40 wt%
of the phenol-rich fraction (PRF) of crude bio-oil (CBO), showing strong bonds at 10 wt% substitution.
Bansode et al. (2021) studied lignin-derived bio-oils, demonstrating that a 50% replacement of phenol with
kraft biorefinery lignin (L-KB) in novolac PF resin (50-NPF-L-KB) resulted in a tensile shear strength of
3.46 £ 0.55 MPa, outperforming other tested adhesives. Additionally, Asafu-Adjaye et al. (2022) evaluated
bio-oil-based epoxy resin in oriented strand board (OSB) production, finding that up to 30% bio-oil
substitution maintained feasible mechanical and water resistance properties. These findings highlight bio-

oil’s potential as a sustainable alternative in resin-based adhesives.

This thesis is carried out within the framework of the PrinTimber Project, which aims to advance
sustainable construction by developing and implementing bio-based thermoset composite materials for use
in additive manufacturing, specifically extrusion-based 3D printing of structural housing components. The
core motivation of the PrinTimber Project is to reduce the environmental footprint of traditional building

materials by partially replacing fossil-derived components with renewable resources while maintaining or



enhancing mechanical performance and processability. In this context, my research directly addresses
critical aspects of material development by selecting specific renewable fillers and partially bio-based resin
matrices, and by systematically studying their properties and suitability for additive manufacturing. The
objectives and research questions defined in this thesis are therefore tailored to bridge existing knowledge
gaps and provide data-driven insights needed for the practical implementation of biocomposite systems in
3D-printed housing applications. Further details of the experimental design and findings are discussed in

the following chapters.

1.3 General Objective of Research

In line with this framework and the identified knowledge gaps, the general objective of this study

1s defined as follows:

To develop, characterize, and optimize thermoset biocomposite materials based on renewable
fillers and partially bio-based resin matrices for their application in extrusion-based 3D printing of
sustainable housing components, aiming to enhance mechanical performance, processability, and

environmental sustainability in construction materials.

1.4 Chapter-Specific Objectives and hypotheses

1.4.1 Chapter 2

1.4.1.1 Hypothesis

The presence of residual lignin in cellulose nanofibrils (CNF) significantly influences their

compatibility and reinforcing efficiency within epoxy matrices, and optimal loading levels exist for both



Lignin-Containing Cellulose Nanofibrils (LCNFs) and Bleached Cellulose Nanofibrils BCNF that

maximize the mechanical and thermal performance of the resulting nanocomposites.

1.4.1.2 General Objective

To evaluate the effect of residual lignin in cellulose nanofibers on the mechanical, thermal, and
interfacial properties of epoxy-based nanocomposites and identify optimal nanocellulose loading for

enhanced composite performance.

1.4.1.3 Specific Objectives

e To characterize bleached (BCNF) and lignin-containing (LCNF) cellulose nanofibers in terms of

morphology, surface charge, and chemical composition.

e To fabricate epoxy nanocomposites with varying loadings (0.5%, 0.75%, and 1%) of BCNF and

LCNF.

e To evaluate and compare the mechanical properties (tensile strength, modulus, toughness, ductility)

of BCNF- and LCNF-reinforced epoxy nanocomposites.

e To investigate the fiber—matrix interactions of CNFs with epoxy and curing agent through FTIR

and Quartz Crystal Microbalance with Dissipation (QCM-D).

e To assess the thermal stability of the composites via thermogravimetric analysis (TGA) and

evaluate the role of residual lignin in preserving thermal properties.

e To analyze the morphology of fractured surfaces using Scanning Electron Microscopy (SEM) to

understand failure mechanisms and CNF dispersion.



1.4.2 Chapter 3

1.4.2.1 Hypothesis

Optimizing extrusion parameters—specifically wood flour particle size, screw speed, and epoxy-
to-wood ratio—will significantly enhance the mechanical, physical, and fire-resistant properties of wood—
epoxy composites, making them viable for use in extrusion-based additive manufacturing for construction

applications.

1.4.2.2 General Objective

To optimize the extrusion parameters for the fabrication of wood flour—epoxy resin composites and

evaluate their suitability for additive manufacturing applications in sustainable construction.

1.4.2.3 Specific Objectives

o To investigate the effect of wood flour particle size and screw speed on the extrudability and

physical quality of wood—epoxy composite rods.

e To assess the impact of different epoxy-to-wood flour ratios on mechanical properties such as

flexural and compressive strength.

e To evaluate water absorption and dimensional stability of the extruded composites under controlled

immersion conditions.

e To perform fire resistance testing on the cured composite rods and analyze mass loss and thermal

behavior during flame exposure.



1.4.3 Chapter 4

1.4.3.1 Hypothesis

Partial substitution of phenol with bio-oil in commercial phenol-resorcinol-formaldehyde (PRF)
resin will modify the curing behavior and thermal properties of the adhesive, but up to a certain level, it
will still maintain acceptable mechanical performance and allow for improved sustainability and processing

flexibility.

1.4.3.2 General Objective

To investigate the effects of partially replacing commercial phenol-resorcinol-formaldehyde (PRF)
resin with bio-oil on the thermal, curing, and mechanical properties of the adhesive system, and to identify

optimal formulation and curing parameters for improved performance and sustainability.

1.4.3.3 Specific Objectives

e To determine the optimal bio-oil substitution level and curing conditions that balance sustainability

with mechanical and thermal performance in PRF resin formulations.

e To analyze the curing behavior of the resin formulations using Differential Scanning Calorimetry

(DSC) to identify thermal transitions and reaction profiles.

e To determine the gelation time of each formulation at different curing temperatures.

e To evaluate the thermal stability of cured resins via Thermogravimetric Analysis (TGA).

o To measure the flexural properties of the cured composites through three-point bending tests and

assess the mechanical performance based on bio-oil content and curing temperature
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Chapter 2

Comparative Study of Bleached and Lignin-Containing Cellulose Nanofibrils as Reinforcements in

Epoxy Composites

2.1 Abstract

This comparative study explores the influence of incorporating cellulose nanofibrils (CNFs)
obtained from bleached and lignin-containing cellulose pulp as reinforcements in an epoxy matrix. The
research aims to identify optimal nanocellulose loading levels for improved mechanical properties of
corresponding composites. Bleached CNF (BCNF) and lignin-containing CNF (LCNF) were introduced at
different weight percentages (0.5, 0.75, and 1%) using high-energy mechanical mixing, and the composites
were characterized through mechanical, morphological, chemical, and thermal analyses. The results
indicated that BCNF exhibited superior performance compared to LCNF in improving the mechanical
properties of the epoxy composites. Specifically, a 0.75% BCNF loading significantly enhanced the
composite's toughness (41% increase) and elastic modulus (79% increase) while reducing brittleness,
making the material stronger and more ductile. In contrast, LCNF composites displayed lower mechanical
performance and reduced ductility. The interaction between BCNF and the epoxy matrix was more
pronounced, as confirmed by QCM-D and FTIR analysis, suggesting better compatibility. Thermal analysis
showed that both BCNF and LCNF reduced the thermal stability of the epoxy matrix, but LCNF, with
lignin, provided some protection. Lignin’s aromatic and antioxidant structure helped maintain thermal
resistance, making LCNF composites at 1% loading thermally comparable to neat epoxy. However, higher
BCNF loading (1%) led to decreased mechanical properties, likely due to nanocellulose aggregation. This
research highlights the potential of optimizing nanocellulose content for tailored performance in bio-based

composite materials.
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2.2 Introduction

Epoxy resins are thermosetting polymers widely used as polymeric matrices in composite
applications. They exhibit outstanding properties such as adhesion, chemical resistance, mechanical
strength, thermal stability, and low shrinkage after curing (Omrani et al., 2008). However, when
crosslinked, they become rigid and often brittle, limiting their application (Ansari et al., 2014; Frihart,
2023). In recent years, studies have focused on reinforcing epoxy polymeric matrices with nanomaterials,
particularly those that are more environmentally friendly and bio-based (Ilyas et al., 2024; Saikia et al.,
2019). Bio-based nanomaterials merge nanotechnology benefits with renewable advantages of
biodegradability, recyclability, and low production costs (Osterberg et al., 2023).

Cellulose nanofibrils (CNF) are advanced bio-based materials used to enhance various polymers,
including thermosets (Kumar et al., 2024; Kuyumcu et al., 2024; Yusuf et al., 2024). They are typically
produced by mechanically disintegrating cellulose fibers via high-pressure homogenization,
microfluidization, or grinding, often after chemical or enzymatic pretreatment to improve fibrillation
(Nechyporchuk et al., 2016; Nobuta et al., 2016). CNFs consist of both crystalline and amorphous regions
(Park & Park, 2024; Zhang et al., 2013). It is possible to tune the chemical composition of CNFs by using
raw materials with different cellulose and lignin contents, as the mechanical process does not alter the
chemical structure of the resulting nanofibrils (Iglesias et al., 2020). Thus, CNFs can be obtained from fully
bleached or lignin-containing cellulose fibers, yielding bleached or lignin-containing cellulose nanofibrils
(BCNF or LCNF, respectively). LCNF is an economically viable alternative, as it allows the use of
unbleached fibers as a starting material while preserving lignin's functionality. The presence of residual
lignin on the cellulose fibers influences the surface energy of the resulting fibrils, increasing their
hydrophobic character (Liu et al., 2023; Rojo et al., 2015). The lignin in LCNFs also confers higher thermal

stability due to its crosslinking, which creates strong interconnections between phenylpropane units,
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improving resistance to high temperatures while also protecting the cellulose chains from degradation
(Iglesias et al., 2023). In contrast, CNFs obtained from bleached (BCNF), pristine cellulose fibers exhibit a
more hydrophilic character due to the large number of exposed —OH groups per surface area (Hassan et al.,
2021; Zhang et al., 2023).

Polymer nanocomposites have attracted increasing scientific and industrial interest due to their
ability to significantly improve mechanical properties, dimensional stability, and barrier performance with
minimal filler content (Mondal, 2018). In particular, cellulose nanofibers (CNFs) have emerged as a
promising reinforcement material because of their renewable origin and biodegradability (Saikia et al.,
2019), offering a sustainable alternative that enhances material performance while promoting
environmental responsibility (Reshmy et al., 2020). Previous studies have reported a significant
improvement in the properties of epoxy composite materials when adding cellulose nanofibers (Neves et
al., 2021). A study by Roszowska-Jarosz et al. (2021) demonstrated that BCNF incorporation significantly
enhanced epoxy composites, with a 1% addition increasing tensile strength by 15% and 0.5% improving
elongation at break by 102%. Saba et al. (2017) reported optimal tensile strength (26.7 MPa) at 0.75%
BCNF, while higher loading (1%) led to decreased performance due to agglomeration. Similarly, Yusra et
al. (2015) observed improved strength and modulus at 0.75%, but reduced elongation. Wongjaiyen et al.
(2018) found that BCNF concentrations up to 3% improved tensile strength and Young’s modulus, though
higher levels limited ductility. These results suggest that moderate BCNF loading optimizes mechanical
properties, while excessive content negatively affects composite performance.

The presence of residual lignin in LCNF can enhance fiber—matrix compatibility due to lignin’s
hydrophobic nature (Iglesias et al., 2020; Rojo et al., 2015). Although research on LCNF-reinforced epoxy
systems is limited, available studies show promising results. Nair et al. (2017) observed that incorporating
20-36 wt% LCNF nearly doubled the tensile modulus and strength, with minimal impact on thermal
stability. Similarly, Wang et al. (2020) reported that 1 wt% LCNF improved tensile strength by 81% and
toughness by 185%, along with enhanced thermal resistance. Nonetheless, the specific influence of residual

lignin on composite performance remains inadequately understood.
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To address the knowledge gap regarding the role of residual lignin in cellulose nanofibrils (CNFs)
on the performance of epoxy composites, this study systematically investigates the incorporation of
bleached (BCNF) and lignin-containing CNFs (LCNF) into an epoxy matrix. The nanofibrils were added
at varying weight fractions (0.5%, 0.75%, and 1%) and dispersed using high-energy mechanical mixing to
ensure homogeneous distribution within the matrix. The nanocomposites were evaluated in terms of their
mechanical and thermal properties imparted by BCNF and LCNF. A comprehensive set of characterizations
was conducted, including mechanical testing to assess modulus and toughness, and morphological analysis
to observe fiber dispersion and structure, using a universal testing machine and scanning electron
microscopy (SEM), respectively, and chemical interaction evaluation through Fourier Transform Infrared
Spectroscopy (FTIR) and Quartz Crystal Microbalance with Dissipation (QCM-D). Additionally, thermal
analysis was performed to examine the impact of nanofiber content on the stability of the composites. This
multifaceted approach provides a detailed comparison of the effects of lignin content and CNF loading,

helping identify optimal reinforcement conditions for enhancing the performance of epoxy nanocomposites.

2.3 Materials and Methods

2.3.1 Materials

The softwood kraft pulp used in this study was sourced from a commercial mill located in Alabama.
Both bleached and unbleached pulps were thoroughly washed and dispersed in deionized water to prepare
a 2.0 wt.% suspension. Following the procedure described by Iglesias et al. (2021), the suspension was
subjected to mechanical fibrillation using a Masuko Supermasscolloider MKZA-10-15J (Masuko Sangyo
Co., Ltd., Japan) until a gel-like cellulose nanofibril dispersion was obtained. Based on typical
specifications for this type of pulp, the unbleached material exhibits a Kappa number of ~28, while the
bleached pulp reaches an ISO brightness of around 88%.

The epoxy resin used in this study was a diglycidyl ether of bisphenol A (4,4’-

isopropylidenediphenol-epichlorohydrin copolymer, Epon 828), supplied by Hexion Inc., USA. This resin
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contains two epoxide groups with an epoxide equivalent weight (EEW) ranging from 185 to 192 g/eq. Its
viscosity and density at 25 °C are 110-150 P and 1.16 g/cm?, respectively. The curing agent employed was
polyoxypropylene diamine (D-400), obtained from Everchem Specialty Chemicals, USA. D-400 has a
viscosity of 0.22 P and a density of 0.972 g/cm?, both measured at 20 °C. It has an average molecular weight

of 430 g/mol and an amine hydrogen equivalent of 4.41 meq/g.

2.3.2 BCNF/ LCNF Characterization
2.3.2.1 Atomic Force Microscopy

The morphology of cellulose nanofibrils (CNFs) was examined using an Anton Paar TOSCA 400
AFM (Graz, Austria) operating in tapping mode with a silicon cantilever. Image analysis was performed
with Gwyddion software (v2.49, SourceForge). Samples were prepared following the protocol by Iglesias
et al. (2021), which involved UV-ozone cleaning of silicon substrates for 30 minutes, treatment with 0.1
wt% polyethylenimine for 15 minutes, and spin coating 80 puL of 0.01 wt% CNF suspension at 3200 rpm
for 1 minute. Prior to coating, CNF suspensions were sonicated in a cold bath (10 min, 20 kW, 25%
amplitude) to promote delamination. The samples were then dried at 80 °C for 20 minutes and stored in a
desiccator until analysis. Fibril width distributions were obtained from AFM images using ImageJ software,
following a similar measurement approach described by Iglesias (2020). For each CNF, one hundred

measurements were taken.

2.3.2.2 Fourier-transform infrared spectroscopy (FTIR)
The chemical composition of BCNF/LCNF samples was analyzed by Fourier-transform infrared
spectroscopy (FTIR). Spectra were recorded in the range of 4000450 cm™ at room temperature using a

PerkinElmer Spectrum 400 FTIR imaging system (PerkinElmer, USA).
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2.3.2.3 Zeta Potential

The colloidal stability of the BCNF/LCNF suspensions was determined by measuring zeta potential
using an Anton Paar Litesizer 500 (Graz, Austria). The zeta potential of the samples was analyzed through
dynamic light scattering (DLS) using a Litesizer 500 (Anton Paar, Austria) with a dosing system. The
samples were prepared at a 0.1 wt% concentration, adjusted to ~pH 7, and stirred magnetically for 10

minutes.

2.3.2.4 Interfacial Phenomena Studies
2.3.2.4.1 Quartz crystal microbalance with dissipation monitoring (QCM-D)

Interfacial interactions between Epon 828 and Jeffamine D-400 with BCNF and LCNF were
investigated using a QSense QCM-D analyzer (Biolin Scientific, Véstra Frolunda, Sweden). Model surfaces
were prepared by spin coating BCNF or LCNF suspensions onto gold-coated quartz crystals, followed by
stabilization in acetone to ensure complete surface conditioning. QCM-D measurements were performed
by monitoring changes in frequency and dissipation of the quartz crystal, as described by Nypeld et al.
(2012). Epon 828 and D-400 were individually introduced over the BCNF- or LCNF-coated sensors at a
constant flow rate of 100 uL/min, and the resulting shifts in frequency and dissipation were recorded. The
adsorption of these compounds led to the buildup of a soft film on the sensor surface, resulting in
measurable dissipation effects. To accurately describe the viscoelastic behavior of the adsorbed layers, the

Broadfit model implemented in the QSense DFind software was employed.

2.3.3 Fabrication and Characterization of Epoxy/CNF Nanocomposites
2.3.3.1 Production of Epoxy/CNF Nanocomposites

The freeze-dried cellulose nanofibers were added to D-400 at the weight percentages of 0.5, 0.75,
and 1% relative to the epoxy resin. The mixture was stirred using a magnetic stirrer for 1 hour. Then, a
homogenizer model T18 Ultraturrax was used at different speeds of 8 - 15 x 10° rpm to further disperse

cellulose nanofibrils into the curing agent. Afterward, Epon 828 resin was added and mixed for 1 minute.
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The weight ratio of Epon 828 to D-400 was 100:55. Finally, the mixture was poured into the mold, and the
samples were allowed to cure for 24 hours at 35 °C in the oven. After this time, the post-curing process was
carried out at 105 °C for 2 hours and finally at 120 °C for 1 hour. The same process was carried out to
produce control composites without cellulose nanofibers. Five specimens were constructed for each
nanomaterial loading level. A total of five baseline composites without nanomaterial and 30 composites

enhanced with cellulose nanofibers were fabricated.

2.3.3.2 Tensile Properties

Tensile tests on the nanocomposites were conducted in accordance with ASTM D638 at a crosshead
speed of 0.5 mm/min. For each composite formulation, five specimens with a thickness of 3.5 mm were
tested. The toughness (strain energy at failure) was calculated as the area under the stress—strain curve up

to the point of fracture.

2.3.3.3 Scanning Electron Microscopy (SEM)

After the tensile test, detailed examination of the fracture surfaces was carried out using a Zeiss
EVO 50 Scanning Electron Microscope (SEM), equipped with ZEISS SmartSEM software (Carl Zeiss AG,
Oberkochen, Germany). Prior to imaging, the samples were prepared using the EMS Q150R Sputter

Coating Device, which facilitated the deposition of a thin gold coating on the fracture surfaces.

2.3.3.4 Fourier-transform infrared spectroscopy (FTIR)

Thereafter, the chemical composition of the samples was investigated using a Thermo Nicolet
NEXUS 470 FTIR spectrometer (Thermo Fisher Scientific, USA), and for thermal characterization, the
Thermogravimetric Analyzer (TGA) Q500 (TA Instruments, USA) was used. TGA analysis was conducted

over a temperature range of 30—-600 °C, with a heating rate of 20 °C/min under a nitrogen atmosphere.
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2.4 Results and Discussion
2.4.1 Cellulose Nanofibrils (BCNF and LCNF) Properties

Figure 2.1 shows the AFM micrographs of the surface morphology and dimensions of BCNF and
LCNF. The AFM image of the LCNF sample reveals a dense and entangled network of nanofibrils with
varying diameters, indicating a heterogeneous structure (Correia et al., 2016). The average width of LCNFs
was 0.059 £ 0.016 pum (range: 0.031-0.09 um). This more complex topography is likely influenced by the
presence of residual lignin, which promotes the formation of branched and interconnected fibril networks
(Yuan et al., 2021). In contrast, the BCNF image displays a more uniform and individualized fibrillar
structure, with thinner and more evenly distributed nanofibers. The average width of BCNFs was
0.052 + 0.012 um (range: 0.021-0.08 pm). These morphological differences highlight how chemical
composition and processing conditions directly influence the nanofibril structure, particularly through the
effect of lignin content.

Softwoods, the primary source of these fibers, typically contain 41—-46% cellulose, 25-32%
hemicellulose, and 26-31% lignin, with minor extractives (10—25%) and ash (0.2-0.4%) (Thomas, 1977,
Gullichsen & Paulapuro, 1999). During pulping, lignin is mainly removed to liberate the cellulose fibers,
and its residual content is monitored using the Kappa number, which indicates the degree of delignification
and the pulp’s bleachability (Segura et al., 2016). In industrial practice, softwood pulps are usually cooked
to a Kappa number of 28-34 to achieve an optimal balance between lignin removal, pulp yield, and fiber
strength (Shackford, 2003). For instance, unbleached softwood pulp may have a Kappa number of around
26.8 (equivalent to ~4% lignin content), which can be reduced to about 3.2 (~0.5% lignin) through
bleaching (Popescu et al., 2008).

However, not all contributions to the Kappa number come from residual lignin alone. Hexenuronic
acids (HexA), formed from xylan hemicelluloses during alkaline pulping, also contribute approximately 1—
3 Kappa units (Jiang et al., 2002). Typically, about 11.6 mmol of HexA corresponds to one Kappa unit

(Burkhardt, 2018; Popescu et al., 2008; Brogdon, 2009). HexA formation occurs rapidly during cooking,
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beginning early in the pulping process, and its degradation is an important factor influencing final pulp

properties (Sixta & Rutkowska, 2006).
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Fig. 2.1 AFM height micrographs of LCNF (a) and BCNF (b)

FTIR spectra and zeta potential data are presented in Figures 2.2a and 2.2b, respectively, providing
insight into the chemical structure and colloidal stability of the neat BCNF and LCNF used in the
nanocomposites. Both spectra show a broad absorption band at around 3330 cm™', corresponding to
hydroxyl (O-H) stretching vibrations typical of cellulose crystalline regions. This peak appears slightly
more intense in BCNF, consistent with its higher crystallinity (Mamat Razali et al., 2021; Roszowska-
Jarosz et al., 2021). Peaks near 2900 cm™, attributed to alkyl (C—H) stretching, are observed in both samples
(Aema et al., 2017). A peak at approximately 1600 cm™ is observed in both BCNF and LCNF samples,
which can be attributed to aromatic skeletal vibrations from the benzene rings of lignin (Moran et al., 2008).
The spectral similarities between neat LCNF and BCNF suggest that traces of residual lignin may still be

present in the bleached nanocellulose (BCNF) (Baraka et al., 2023; Lani et al., 2014).

The zeta potential results (Figure 2.2b) show that BCNF has slightly higher colloidal stability
compared to LCNF, which may be attributed to the presence of additional carboxyl and hydroxyl groups
present in lignin that contribute to greater surface charge (Liu et al., 2023). According to Herrera et al.
(2018), suspensions with zeta potentials above +30 mV or below —30 mV are considered stable. Moreover,
the magnitude of zeta potential can be indicative of the surface functional groups, particularly the

concentration of carboxyl groups (Liu et al., 2023; Xu et al., 2021).
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Fig. 2.2 (a) Fourier-transform infrared (FTIR) spectra comparing BCNF and LCNF; (b) Zeta potential

characterization of BCNF and LCNF suspensions at pH ~7

2.4.2 Interfacial Interaction in Cellulose Nanofibril-Resin System

Figure 2.3 presents the QCM-D analysis of BCNF- and LCNF-coated gold sensors upon exposure
to D-400 and epoxy resins. Both CNF types exhibited a more significant frequency decrease (Af) and
increased dissipation (AD) when D-400 was introduced, compared to epoxy. This indicates a greater mass
uptake and the formation of a more viscoelastic layer with D-400, suggesting stronger interactions between
D-400 and the CNF surfaces, more so in the case of BCNF, which can be attributed to hydrophilic
interactions facilitated by polar interaction and favorable hydrogen bonding (Villada- et al., 2021). D-400,
a polyetheramine, contains multiple ether and amine groups, enhancing its hydrophilicity, leading to
increased adsorption and a more hydrated interfacial layer. In contrast, epoxy resins like Epon 8§28 are more
hydrophobic, resulting in weaker interactions with the hydrophilic CNFs and thus lower mass uptake and

dissipation changes. Based on these observations, D-400 was selected for initial mixing with BCNF or
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LCNF to produce the nanocomposites, leveraging the strong interfacial interactions. Subsequently, epoxy

was added to the matrix to enhance the mechanical properties of the final composite material.
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Fig. 2.3 QCM-D interaction profiles of (a) epoxy resin and (b) D-400 with BCNF (top) and LCNF

(bottom) coated surfaces

2.4.3 Performance of Epoxy/CNF Nanocomposites

2.4.3.1 Mechanical properties

Mechanical performance was further evaluated by determining the elastic modulus and toughness
of nanocomposites reinforced with BCNF and LCNF at 0, 0.5, 0.75, and 1 wt% loadings, as shown in
Figure 2.4. Nanocomposites containing 0.75 wt% and 1 wt% BCNF exhibited significant improvements in

both toughness (41% and 10%, respectively) and elastic modulus (79% and 58%, respectively) compared
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to the neat epoxy composite. The 0.75 wt% BCNF formulation notably enhanced the composite’s
mechanical behavior, reducing brittleness by increasing both stiffness and energy absorption capacity
before failure. In contrast, LCNF-reinforced composites exhibited lower toughness, reduced overall
mechanical performance, and limited deformability compared to both the neat epoxy and the BCNF-
reinforced composites. This inferior behavior may be attributed to the higher amorphous content and lower
cellulose fraction in LCNF. While cellulose contributes to greater stiffness and strength, hemicellulose and
lignin—more abundant in LCNF—are typically associated with increased deformability and lower
mechanical integrity (Aema et al., 2017; Mamat Razali et al., 2021). Beyond the intrinsic properties of the
nanofibers and the epoxy matrix, interfacial compatibility also plays a critical role in mechanical
performance. Based on QCM-D data, BCNF showed stronger interactions with the epoxy system than
LCNF, supporting the observed differences in reinforcement efficiency. However, at 1 wt% BCNF,
performance declined—Ilikely due to nanofiber agglomeration and poor dispersion, which hinder effective
stress transfer. This trend is consistent with previous findings reported by Saba et al. (2017) and Lanna et

al. (2020).
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Fig. 2.4 Elastic modulus and toughness for nanocomposites with BCNF and LCNF at different loading

percentages (0, 0.5, 0.75, and 1%)

26



2.4.3.2 Morphological properties

To further understand the mechanical performance of the nanocomposites, scanning electron
microscopy (SEM) was used to examine the fracture surfaces after tensile testing. As shown in Figure 2.5a,
the fracture surface of the neat epoxy exhibits a smooth texture, indicative of its brittle nature and limited
resistance to crack propagation, attributed to its high cross-linking density (Lin et al., 2018; Shrestha et al.,
2019). Conversely, in the composites with cellulose nanofibrils (BCNF/LCNF), the fracture surface became
significantly rougher. This is because nanocellulose, serving as a reinforcing material, enables stress
distribution, thereby facilitating the formation of cracks (Gabr et al., 2014). The composite with a 0.75%
loading of BCNF (Figure 2.5b) shows a more uniform distribution within the matrix compared to the 1%
loading. In the latter case (Figure 2.5¢), the aggregation of cellulose nanofibrils caused stress concentration
points, which had adverse effects on the properties of the nanocomposites (Hu et al., 2021). This
phenomenon could explain why nanocellulose with 0.75% loading exhibits improved mechanical properties
compared to the nanocomposite with 1% loading. Although the composites with LCNF exhibited a rougher
fracture surface compared to the neat epoxy, the presence of air bubbles may have reduced the mechanical

properties of LCNF (Figure 2.5d).

Fig. 2.5 Fracture morphology of the composite post-tensile testing: (a) Neat Epoxy, (b) Epoxy/0.75%

BCNEF, (¢) Epoxy/1% BCNF and (d) Epoxy/0.75% LCN
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2.4.3.3 Nanocomposites chemical analysis

Figure 2.6 shows the FTIR spectra of the nanocomposites to investigate the characteristic
functional groups and assess chemical interactions in the nanocomposite systems. In the spectra of neat
LCNF and BCNF, a peak at 3330 cm™ is observed, corresponding to the hydroxyl (O-H) group associated
with the crystalline domains of cellulose in nanocellulose (higher in BCNF) (Mamat Razali et al., 2021;
Roszowska-Jarosz et al., 2021). Additionally, in CNF-Reinforced epoxy nanocomposites, the hydroxyl
peak shifts to ~3400 cm™ and gradually decreases as the nanocellulose content increases. This shift suggests
the formation of hydrogen bonds between both CNFs and the epoxy matrix, likely due to OH interactions

between the resin and the nanocellulose (Yue et al., 2021).

In the nanocomposite material (Epoxy/CNF), the range from 2981.4 to 2798.2 cm™ corresponds to
the broad vibrations of aliphatic CH, and CH3 groups, attributed to the presence of the amine hardener and
epoxy resin (Saba et al., 2017; Xu et al., 2013). In the nanocomposites, the band at ~1640 cm™ is likely due
to the overlap between the C=C stretching of the epoxide group and the -NH, scissoring of the amine group
(Aema et al., 2017; Gonzalez et al., 2012; Saba et al., 2017). The peak at 1032 cm™' is attributed to the C—
O stretching in ether linkages, while the peak around 920 cm™, corresponding to oxirane ring vibrations,
likely indicates the presence of unreacted epoxy groups (Saba et al., 2017; Xu et al., 2013). In Epoxy/CNF
composites, epoxide groups can react with amine (NH2) or CNF hydroxyl groups, leading to the formation
of ether and hydroxyl groups (Xu et al., 2013). Since their absorption bands overlap in the 1000-1250 cm™
range, FTIR alone cannot confirm the role of CNFs as chain extenders or crosslinkers. However, the
decrease in intensity of the 912 cm™ peak suggests a greater extent of epoxide group reaction (Xu et al.,
2013). As the nanocellulose content increases, the intensities of these peaks diminish, implying stronger
interactions between the epoxy groups and the nanocellulose. Similarly, the peak at 828 cm™ is associated
with C—O-C stretching vibrations of the oxirane group. In BCNF composites, the intensity of this peak is
lower, suggesting a reduction in the concentration of unreacted oxirane groups, which confirms interactions

between the epoxy matrix and nanocellulose fibers (Parames et al., 2021).
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Fig. 2.6 FTIR spectrum for the nanocomposites with BCNF (a) and LCNF (b)

2.4.3.4 Thermal properties

The thermal stability of the nanocomposites with different percentages of BCNF and LCNF was
investigated using TGA, aiming at evaluating their thermal stability (Figure 2.7). Neat nanocellulose
samples, both lignin-containing and bleached, degrade more rapidly than their composite counterparts.
Hemicellulose decomposes in the range of 180-340 °C, which is lower than cellulose, which decomposes
between 230-450 °C (Flores et al., 2020), while the degradation events occurring at higher temperatures are
attributed to the oxidation of the remaining organic matter (Gracia-Fernandez et al., 2005). It can be
observed that the epoxy matrix is a highly thermally stable material (Figures 2.7a and 2.7b), and adding
nanocellulose decreases stability, the same findings by Raghavendra et al. (2014). Since the thermal
decomposition of cellulose-based materials occurs at lower temperature ranges, nanocellulose can introduce
functional groups that are more susceptible to thermal decomposition, resulting in a decrease in the thermal
stability of the epoxy matrix (Aema et al., 2017).

In the case of the nanocomposites with LCNF (Figure 2.7a), as the percentage of nanocellulose
increases, the composites require more thermal energy to degrade, but not as high as neat epoxy. This
behavior is more evident in the derivative curves of LCNF, where a small curve appears around the range

of 440-500 °C, indicating the oxidation process of lignin (Ramiah, 1970). Although the analysis was
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conducted in a nitrogen environment, it is possible that small traces of oxygen were present due to residual
oxygen in the system or oxygen adsorbed onto the lignin surface, allowing for partial oxidation to occur
under these conditions. On the other hand, in the BCNF graphs (Figure 2.7b), it can be observed that the
opposite process occurs; as nanocellulose increases, especially in 0.75% of LCNF, less thermal energy is
required to degrade the compound since lignin can protect cellulose from early decomposition (Sabaruddin
etal.,2021). However, other groups have reported that by incorporating bleached nanocellulose, the thermal

degradation of the epoxy composite is lower compared to neat epoxy (Aema et al., 2017; Sun et al., 2022).
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nanocomposites reinforced with LCNF (a) and BCNF (b)
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2.5 Conclusions

This study demonstrated that incorporating BCNF and LCNF into epoxy composites significantly
influenced their mechanical and thermal properties. BCNF outperformed LCNF in enhancing mechanical
performance but did not improve thermal stability. A 0.75% BCNF loading enhanced both stiffness and
ductility, making the composite tougher and more energy-absorbing, while 1% BCNF loading led to
decreased performance due to aggregation and stress concentration. FTIR and QCM-D results suggest
improved compatibility and interaction of BCNF with the epoxy matrix compared to LCNF. Thermal
analysis revealed that nanocellulose decreased the overall thermal stability of the epoxy matrix; the
presence of lignin in LCNF offered some protective effects at higher temperatures. Despite this,
nanocellulose's susceptibility to thermal degradation contributed to reduced thermal stability in the

nanocomposites.
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Chapter 3
Optimization of Extrusion Parameters for Wood Flour-Epoxy Composites with Potential Additive-

Manufacturing Applications in Construction

3.1 Abstract

The sustainable utilization of wood waste is critical for reducing environmental impact and
advancing eco-friendly construction materials. This study investigates the optimization of extrusion
parameters—specifically wood flour particle size, extrusion rates, and wood content—in the fabrication of
epoxy resin and wood flour composites designed for extrusion-based 3D printing. Through a factorial
experimental design, the effects of these parameters on mechanical, physical, and fire-resistant properties
were systematically evaluated. Characterization included flexural and compressive strength tests, water
absorption, dimensional stability, and fire resistance assessments. Statistical analyses revealed that the
epoxy-to-wood ratio is the most influential factor, with a 55:45 ratio yielding optimal results: enhanced
mechanical strength, improved dimensional stability, and superior fire resistance, while minimizing surface
defects. These findings underscore the pivotal role of precisely optimizing extrusion parameters to produce
high-performance, sustainable composites suitable for additive manufacturing in construction. The results
contribute valuable insights toward developing wood-based materials capable of replacing petroleum-
derived materials, supporting both environmental responsibility and enhanced material performance in the
building industry.
Keywords: Wood—epoxy composites; Extrusion parameters, Additive-Manufacturing; Construction

materials.
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Fig. 3.1 Schematic Overview of the Experimental Design for Wood—Epoxy Composites

3.2 Introduction

Wood is an abundant resource that has been widely adopted in various aspects of daily life due to
its exceptional mechanical properties (Arias et al., 2022). Increased population and human activity
promoted the utilization of wood resources, which has generated a massive amount of waste wood or wood
residue. In 2018, the United States Environmental Protection Agency (EPA) reported that a total of 18.1
million tons of wood were accumulated in municipal solid waste (MSW), which accounted for 6.2 percent
of all MSW generated that year. Additionally, nearly 12.2 million tons of this wood waste was disposed of
in landfills without any further use (U.S. Environmental Protection Agency [EPA], 2024) Thus, it is
necessary to make effective use of waste wood products to reduce the negative effects on the environment,
as well as improve the economics of the lumber industry overall, through adding value to underutilized
wood sources. To further encourage ecologically beneficial activities and reduce greenhouse gas emissions,
there is now a global push to promote eco-friendly building materials (Rosa Latapie et al., 2023). Large
quantities of inconsistent wood processing waste are typically produced during industrial wood treatment,
and these waste materials can be utilized as resources to develop wood products with superior qualities,
independent of their size variations (Nguyen et al., 2023; Yan et al., 2024).

3D printing, often known as additive manufacturing (AM), is a cutting-edge industrial production

technique that utilizes computer-aided design software for layer-by-layer printing of target materials with
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complex 3D structure (ISO/ASTM, 2015; Trovato et al., 2025; Lamm et al., 2020). Recently, extrusion-
based additive manufacturing (AM) has gained popularity as a method for fabricating dimensional parts
and design concepts, even for extremely complex designs. Compared to liquid and powder-based AM
methods, extrusion-based AM includes additional design flexibility, higher manufacturing magnitude, and
more affordable production. Originally developed for polymer filaments, this technology now combines
less-extrudable materials with polymers that enhance extrusion. (Altiparmak et al., 2022). Several types of
wood products originating from hardwood and softwoods are being investigated for use in 3D printing
composite formulations. Lamm et al. have summarized the use of wood flours, sawdust, and barks, and
lignocellulosic fillers used in extrusion AM processing. To obtain composites, typical polymer categories
such as poly-lactic acid, polypropylene, urea-formaldehyde, polyvinyl acetate, styrene maleic anhydride
copolymer, and poly-lactic acid are widely mixed with wood particles (Lamm et al., 2020).

Thermosetting polymers are preferred over thermoplastics for construction purposes due to their
greater creep, resistance to heat, and energy efficiency (Carne et al., 2023). However, the application of
wood and thermosets was not widely investigated in the context of 3D printing technology. Using an
extrusion method, Orji et al. combined wood with sodium silicate to create two-dimensional rods. The 1:1
blend showed strong flexural, thermal, and fire performance, while curing temperature significantly
affected the flexural strength and water resistance of wood—sodium silicate rods (Orji et al., 2023). In a
separate investigation, the same research team investigated the possibility of using softwood mill wastes
(50-90%) in additive manufacturing (AM) of wood composite materials using two thermosetting resins:
urea-formaldehyde (UF) and phenol-resorcinol-formaldehyde (PRF) resin. The rheological characteristics
of the wood-PRF (50:50) blend permitted effective extrusion, whereas the inadequate viscosity and
moisture content of the wood-UF mixtures prevented extrusion. Developing an extrudable wood composite
for additive manufacturing required selecting a suitable resin and wood-resin mix that cures at room
temperature (Orji & McDonald, 2023).

Epoxy resin is one of the most commercially relevant polymeric materials and has been the subject

of extensive research, numerous patents, and a wide range of scientific and technical innovations over the
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years (Sienkiewicz & Czub, 2023). The extrusion method is more effective than injection molding when
processing composite materials with wood flour content. However, the extrusion of wood, plastic, or resin
presents several challenges, including non-uniform feeding, frequent flow instabilities, surface tearing, and
serious melt fractures (Mazzanti & Mollica, 2020). Some researchers have used wood material and epoxy
in extrusion-based research. Yousef Jahani utilized a twin-screw extruder to create composites of wood
flour and polypropylene by combining epoxy resin with 30 and 40 weight percent wood flour and
polypropylene. With a surge in epoxy resin content, it was found that composites' tensile strength dropped
while their elastic modulus and absorption of water improved (Jahani, 2007). Feng et al. have investigated
how epoxy resin affects the mechanical, rheological, and water absorption rates of composites made of
wood flour and high-density polyethylene (HDPE). They found that the quantity of epoxy resin in the
composites improves their tensile, flexural, and impact qualities up to a certain limit before declining (Feng
et al., 2018). A few studies used epoxy as a surface treatment agent for wood-plastic extruded composite.

For example, Mohamed et al. applied epoxy as an adhesive coating on wood plastic composites
(WPC) produced by extruding wood flour and virgin polyethylene with a coupling agent. (Mohamed et al.,
2019). Gramlich et al. applied epoxy surface treatment to extruded WPCs made from pine wood flour and
polypropylene after various pre-treatments. (Gramlich et al., 2006). Although the combination of wood and
epoxy resin has been the subject of numerous studies, there is a notable lack of research that focuses only
on wood and epoxy resin, which offers an opportunity for thorough investigation.

This study will focus on optimizing extrusion parameters for epoxy resin and wood flour
composites. The particle size of wood flour, extrusion rates, and wood content will all be changed to
determine their effects on the process. A factorial experimental design will be used to determine the best
combination of these parameters and evaluate the mechanical and physical performance of the resultant
composites. One of the primary concerns with wood-based construction materials is their low fire safety
and reduced thermal stability (Seo et al., 2016). According to Pan et al., combining epoxy resin with wood
aerogel treated with a flame-retardant coating made from polyethyleneimine, melamine, and phytic acid

can enhance the flame resistance and thermal stability of wood-epoxy composites. When the treated wood
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aerogel was incorporated into the epoxy resin, the researchers observed the formation of an ordered network
within the epoxy matrix of the wood-epoxy composite. This three-dimensional network may be responsible
for the improved flame resistance of the wood-epoxy composite compared to pure epoxy resin (Pan et al.,
2024). Consequently, this study also incorporates fire testing of wood-epoxy extruded composites. The
findings from this research have the potential to significantly benefit the scientific community by advancing
the development of sustainable wood-based composites that reduce the use of petroleum-based plastics.
The thorough property analysis can pave the way for wood-based construction systems that prioritize both

environmental responsibility and performance.

3.3 Materials and methods
3.3.1 Materials

Southern yellow pine (SYP) sawmill residues in the form of wood flakes were sourced from Huber
Engineered Woods (Georgia, USA). The flakes were oven-dried at 103 + 2 °C until reaching constant
weight, then ground using a Thomas-Wiley Laboratory Mill, Model 4 (Thomas Scientific, USA) fitted with
0.5 mm and 1 mm screens. The ground material was sieved through a 40-mesh U.S. standard screen, and
the fraction passing through (under 40 mesh) was collected, homogenized, and stored in sealed containers
for later use. The epoxy system consisted of a diglycidyl ether of bisphenol A (DGEBA) resin, Epon 828,
supplied by Hexion Inc. (USA). This resin contains two epoxide groups and has an epoxide equivalent
weight of 185-192 g/eq. At 25 °C, its viscosity is 110—150 P and its density is 1.16 g/cm®. The curing agent
used was polyoxypropylene diamine (D-400), acquired from Everchem Specialty Chemicals (USA), with
a molecular weight of approximately 430 g/mol and an amine hydrogen equivalent of 4.41 meq/g. At 20 °C,

D-400 exhibits a viscosity of 0.22 P and a density of 0.972 g/cm?3.
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3.3.2 Composite Extrudates Preparation

Epon 828 and Jeffamine D-400 were first mixed at a weight ratio of 100:55. Wood flour (under 40
mesh, with a moisture content of 2—-3%) was then added to the resin mixture. Composite formulations were
prepared with resin-to-wood weight ratios of 40:60, 45:55, 50:50, 55:45, and 60:40. The mixtures were
blended using a food processor (Hamilton Beach model 70730, 450 W, 10-cup capacity) for 5 minutes to
ensure homogeneous dispersion. The mixtures were processed using an SJ35 single-screw extruder
(RobotDigg, Shanghai, China) with a 35 mm barrel diameter and 420 mm barrel length. A 13.5 mm
diameter mild steel die was securely attached to the extruder's barrel outlet. The extrusion process utilized
a 5 mm pitch screw, designed by the Department of Mechanical Engineering at Idaho University for this
project (Figure 3.2). The wood-epoxy mixture blend was manually fed into the extruder and processed for
3 minutes at three different screw speeds, 40, 60, and 80 rpm, to produce extruded rods. Finally, the rods
were allowed to cure for 24 hours at 35 °C in the oven. After this time, the post-curing process was carried
out at 105 °C for 2 hours and finally at 120 °C for 1 hour. Five specimens were constructed for each set of

epoxy:wood and screw speed combinations. A total of 75 rods were fabricated for different testing.

$15.00
@ 34.8

Fig. 3.2 Dimensions of the custom-designed screw used in the extrusion experiments. Design provided by
the Department of Mechanical Engineering at the University of Idaho. Special thanks to Conal Thie and

Robert Carne for their support with the screw design.
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3.3.3 Composite Extrudates Characterization
3.3.3.1 Particle Size Distribution (Sieve Analysis)

A sieve analysis was conducted on 200 g samples of wood flour that had been previously ground
and screened through either 0.5 mm or 1 mm mesh screens. The material, which passed through a 40-mesh
sieve, was analyzed using a standard mechanical shaker for 10 minutes. Each sample was passed through a

stack of U.S. standard sieves with mesh sizes 40, 60, 80, 100, and 200 to assess the particle size distribution.

3.3.3.2 Mechanical Testing

Extruded wood—epoxy composite rods were evaluated for flexural strength (three-point bending)
and compressive strength in accordance with ASTM D1037. The mechanical tests were performed using a
Zwick/Roell universal testing machine (Instron Zwick/Roell, Germany) equipped with a 10 kN load cell,

operating at a crosshead speed of 5 mm/min.

3.3.3.3 Water Absorption and Dimensional Stability

Water absorption and dimensional stability of the extruded wood—epoxy rods (10 mm in length)
were evaluated after 24 hours of immersion in water at 23 + 1 °C, following the procedures outlined in
ASTM D570. After soaking, excess surface water was removed with a dry cloth, and the specimens were
immediately weighed to determine the wet mass. Water absorption was calculated as the percentage

increase in weight. Dimensional changes were measured using a digital caliper to assess radial swelling.

3.3.3.4. Fire Resistance Test

A fire test was performed on cured rods in triplicate. Samples were exposed to the tip of the Bunsen
burner flame (1000-1100 °C) and monitored for 5 minutes via an IR camera, with the mass loss of the
samples continuously recorded by a load cell. Images taken from the video were analyzed at one-minute
intervals to evaluate physical changes in the samples, and final weight loss was recorded. The fire test setup,

designed by the Departments of Aerospace Engineering and Forestry at Auburn University, includes a load
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cell for mass loss measurement, an IR camera, and a propane flow rate controller. The test was conducted
with a propane mass flow rate of 7.5 SLM, positioning the samples 30.48 cm from the flame base at

1000 °C, and extended for a total duration of 7 minutes.

3.3.3.5 Statistical Analysis

For the statistical analysis in this study, a combination of factorial and single-factor experimental
approaches was employed to evaluate the effects of processing parameters and material formulation on the
performance of wood—epoxy composites. In experiments involving two independent variables—such as
screw speed and particle size, or epoxy-to-wood ratio and screw speed—a full factorial design was
implemented. The resulting data were analyzed using two-way ANOVA to examine both main effects and
interaction effects. For other characterizations, including water absorption and swelling, one-way analyses
were conducted to assess the impact of a single variable. Following the ANOVA, Duncan's test was applied
to identify statistically significant differences between group means. All statistical analyses were performed
by the author using R software (version 4.4.3) and evaluated at a 95% confidence level (5% significance
level). This integrated experimental strategy enabled a comprehensive evaluation of how processing and

formulation parameters influence the composites’ mechanical, physical, and fire-resistance properties.

3.4 Results and discussion
3.4.1 Particle Size Distribution of Wood Flour

The screened wood flour, with a moisture content of 5.2%, was analyzed for particle size
distribution. The results of the sieve analysis are shown in Figure 3.3. For both the 0.5 mm and 1 mm
screens (particles retained under 40 mesh), the 40—-60 mesh fraction had the highest weight percentage,

especially for the 1 mm screen. In the case of the 0.5 mm screen, the weight percentage of 60—100 mesh
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particles was 27 w/w% higher compared to the 1 mm screen. Additionally, the 60-80 mesh fraction

represented 40 w/w% of the particles for the 0.5 mm screen, while it was only 17% for the 1 mm screen.
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Fig. 3.3 Wood particle size distribution from the under 40 mesh screened wood flour

3.4.2. Formulation Selection for Mechanical Characterization

To ensure a representative baseline for evaluating mechanical performance, the 50:50 epoxy-to-
wood flour ratio was selected as the reference formulation for initial testing. This intermediate ratio was
chosen because it lies at the midpoint of the broader range explored in subsequent analyses (40:60, 45:55,
50:50, 55:45, and 60:40). By starting with a balanced formulation, we aimed to establish a central data point
from which the influence of increasing or decreasing epoxy content could be more clearly interpreted. This
selection also allowed for consistent comparisons when assessing the effects of other parameters, such as

wood particle size and screw speed.

3.4.3 Mechanical Characterization of Extruded Composite Samples
3.4.3.1 Elastic Modulus and Compressive Strength of Extruded Composites as a Function of Particle
Size

Elastic modulus and compressive strength of the 50:50 Epoxy to wood composite rods as a function
of wood particle size (1 mm and 0.5 mm screens) and screw speed (40, 60, and 80 rpm) are shown in Figure

3.4 Statistical data analysis revealed that, for both properties, the main effects of particle size and screw
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speed were not statistically significant, as indicated by p-values well above the 0.05 threshold. However,
while the interaction effect was not significant for elastic modulus (p =0.151), it was statistically significant
for compressive strength (p = 0.0137), suggesting that the combined influence of particle size and screw
speed plays a critical role in determining this property. Specifically, at 40 rpm, larger particles (1 mm)
resulted in higher compressive strength and elastic modulus, whereas at higher screw speeds (60 and 80
rpm), finer particles (0.5 mm) enhanced the mechanical performance—highlighting the importance of
processing conditions in optimizing composite properties. This interaction effect aligns with previous
research showing that finer particles, under suitable extrusion conditions, tend to improve composite
strength due to better flow, dispersion, and matrix integration.
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80
Fig. 3.4 Modulus of Elasticity (Left) and Compressive Strength (Right) as a function of Screen Size and
Speed.

Note: Uppercase letters indicate significant differences in Modulus of Elasticity means, and lowercase letters indicate significant
differences in Compressive Strength means. Different letters (a, b, c, etc.) indicate statistically significant differences between
means according to Duncan’s multiple range test (p < 0.05). Means sharing at least one letter (e.g., ab’ or ‘bc’) are not significantly

different.

Miki et al. (2003) reported that the fluidity of wood powder decreases with increasing particle size,
which can hinder the extrusion process. In contrast, finer particles enhance the compaction and
consolidation of wood composites, as demonstrated by Chaudemanche et al. (2018), likely contributing to

improved mechanical strength in this study. From a processing standpoint, both the mechanical properties
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and fiber morphology of wood composites are strongly influenced by extrusion parameters such as screw
configuration and material composition (Matuana & Li, 2004). Similarly, Migneault et al. (2008) observed
that composites containing shorter fibers generally exhibit superior mechanical performance, primarily due
to their more uniform dispersion within the polymer matrix. These findings are consistent with the current
results, where finer particles combined with higher screw speeds resulted in enhanced compressive strength,
suggesting that improved compaction and dispersion under higher shear conditions positively influence
mechanical behavior.

In conventional wood—polymer composites, particle size remains a critical factor in determining
mechanical behavior. Several studies have reported that increasing wood particle size can enhance
properties such as flexural, tensile, and compressive strength, as well as hardness (Jasinski et al., 2025;
Madhoushi et al., 2014; Stark & Berger, n.d.). Wood flour is typically characterized by mesh size, which
defines the range of particle sizes obtained through screening.

While smaller particles can improve the uniformity of the composite and increase the available
surface area for interfacial bonding (Golmakani et al., 2021)—thereby facilitating better stress transfer
throughout the material—a similar trend was observed by Ratanawilai et al. (2014), who reported that the
compressive strength and modulus of composites slightly increased as particle size decreased. This
enhancement was attributed to the more homogeneous distribution of smaller particles within the polymer
matrix, which improved the material’s capacity to bear compressive loads. In the present study, the
optimized particle size was 0.5 mm, which outperformed the larger 1 mm particles in terms of compressive
strength, particularly at higher screw speeds (60 and 80 rpm). This suggests that finer particles enable better
dispersion and compaction under increased shear conditions during extrusion, leading to a more cohesive
internal structure and enhanced mechanical performance. Therefore, optimizing particle size—especially
toward smaller sizes like 0.5 mm—is essential to achieving an effective balance between processing

efficiency and mechanical reinforcement in extruded wood-epoxy composites.
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3.4.3.2 Elastic Modulus and Flexural Strength as a Function of Ratios

Flexural strength and modulus of elasticity of wood —epoxy composites as a function of epoxy-to-
wood ratio (40:60, 45:55, 50:50, 55:45, and 60:40) and screw speed (40, 60, and 80 rpm) are shown in
Figure 3.5 The results indicate that flexural strength increases with higher epoxy content, with the 55:45
and 60:40 formulations exhibiting the highest values. At lower epoxy levels (40:60 and 45:55), flexural
strength remained relatively low across all screw speeds. Notably, the 55:45 and 60:40 composites showed
marked improvements at 60 rpm, reaching ~26 MPa and ~29 MPa, respectively. This suggests that a
moderate screw speed (60 rpm) may optimize matrix dispersion and interfacial bonding due to a balance
between shear and residence time (Zhang et al., 2012). Interestingly, although 40 rpm should provide longer
residence time, the same improvement was not observed at this lower speed. This discrepancy could be due
to insufficient shear energy at 40 rpm, which may limit effective dispersion and wetting of wood particles.
However, the exact reason remains unclear and may involve additional factors such as material backflow,
pressure fluctuations, among others (Duretek et al., 2015; Gebhard et al., 2023).

Similarly, the modulus of elasticity increased with both the epoxy content and screw speed,
reaching a maximum of 19.6 GPa at the 60:40 ratio and 80 rpm. These results indicate that increasing the
epoxy proportion significantly enhances composite stiffness and strength. This finding aligns with previous
studies reporting that higher wood content in polymer matrices typically reduces mechanical properties,
such as flexural strength and modulus of elasticity, due to weaker interfacial bonding at higher filler
loadings (Nukala et al., 2022; Yang et al., 2012). Although higher screw speeds promote better matrix flow
and shear-induced dispersion, excessively high speeds can reduce the residence time (Zhang et al., 2009),
potentially limiting effective wetting and stress transfer at the interface, ultimately leading to a decrease in
mechanical performance. Additionally, at higher screw speeds for the 60:40 blend, the formation of
sharkskin—a surface defect characterized by periodic roughness or ridges on the extrudate—was observed.
This phenomenon is caused by a stick-slip mechanism at the die exit, which occurs when the material

experiences critical levels of shear stress and acceleration, leading to surface instabilities (Thie, 2021). The
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presence of sharkskin negatively impacts the surface finish and may further contribute to the reduction in
mechanical properties.

Statistical analysis supported these observations. The main effect of the epoxy-to-wood ratio was
highly significant for both flexural strength and modulus of elasticity (p < 0.001), indicating that material
composition strongly influences mechanical behavior. Screw speed also showed a significant effect on
modulus of elasticity (p = 0.00426) and a marginal effect on flexural strength (p = 0.0964). However, the
interaction between ratio and screw speed was not statistically significant for either property (p = 0.503 for
MOE; p = 0.537 for flexural strength), suggesting that the effects of these two factors are largely
independent within the tested range.

On the other hand, the effect of screw speed on composite density was not statistically significant
(p = 0.973) (Table 3.1), nor was the interaction between screw speed and the epoxy-to-wood ratio (p =
1.000). These results indicate that variations in screw speed did not meaningfully influence the material's
density under the tested conditions. This finding is consistent with previous research, which reported that
screw speed has a limited impact on the final density of polymer-based composites (Chevali & Ulven,
2012).

In contrast, the epoxy-to-wood ratio exhibited a highly significant main effect on density (p <
0.001), highlighting the dominant role of formulation in determining the compactness of the composite
(Chen et al., 2006). This supports the notion that increasing the proportion of epoxy results in a denser
material, likely due to enhanced matrix continuity and reduced void formation (Siddikur Rahman et al.,
2018). Overall, these findings underscore that material composition, rather than processing speed, is the

key factor in controlling composite density.
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Fig. 3.6 Epoxy-to-wood (60:40) rods after extrusion at different speeds

Table 3.1 Effect of screw speed and epoxy-to-wood ratio on composite density (g/cm?)

Ratio Density (g/cm?)

Screw Speed (rpm)
Epoxy:Wood | 40 60 80
40:60 0.60+0.01 0.68+0.02 0.72+0.01
45:55 0.65+0.005 0.67+0.01 0.77+0.01
50:50s 0.69+0.03 0.73+0.003 0.71+0.02
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50:50y 0.64+0.01 0.72+0.01 0.76 +0.002
55:45 0.76+£0.01 0.97+0.02 0.98+0.02
60:40 1.05+0.005 0.99+0.01 0.97+0.01

Note: S: Small screen (0.5 mm); b: big screen (1 mm)

Figure 3.7 shows a clear positive trend in compressive strength parallel to the rod’s length as the
epoxy content in the epoxy: wood ratio increases. As the epoxy content increases, the material shows greater
compressive strength. This improvement could be due to epoxy’s high inherent strength (Guo et al.,

2022).and its ability to enhance bonding and distribute loads more evenly within the composite, leading to

better mechanical performance under axial compression.

The results of the two-way ANOVA confirmed this effect, showing that the epoxy:wood ratio had
a highly significant impact on compressive strength (p < 0.001). Additionally, screw speed also had a
significant effect (p < 0.01), although to a lesser extent. The interaction between ratio and screw speed was

not statistically significant (p = 0.18), indicating that their effects on compressive strength were mostly

independent.

Note: Different lowercase letters indicate statistically significant differences among treatments based on Duncan’s

50

N © &
S =3 =

Compressive Strength (MPa)
3

| il i 20

40:60 45:55 50:50 55:45

Epoxy:Wood Ratio

Fig. 3.7 Compressive properties of the extruded composites.

multiple range test at a. = 0.05.
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3.4.4 Water Absorption and Dimensional Stability

Water absorption and radial swelling were evaluated in relation to screw speed and the epoxy-to-
wood flour ratio (see Table 3.2). An initial analysis of variance (ANOVA) revealed that screw speed had
no statistically significant effect on either property (p > 0.05). In contrast, the epoxy-to-wood flour ratio
significantly influenced both water absorption and swelling, highlighting the importance of formulation in
controlling moisture-related behavior. To better isolate and characterize the influence of the ratio, water
absorption values were averaged across different screw speeds for each ratio. This approach allowed a
clearer assessment of the effect of the epoxy-to-wood flour ratio on water absorption, independent of the
extrusion speed.

The results showed a general decrease in water absorption and radial swelling with increasing resin
content. Specifically, water absorption remained remarkably low for the 55:45 and 60:40 resin-to-wood
flour ratios. Although both ratios exhibited reduced radial swelling, the 55:45 ratio performed
comparably—or even slightly better—than the 60:40 ratio. These findings are consistent with trends
reported in the literature. It is well established that increasing resin content in wood—plastic composites
(WPCs) significantly reduce water absorption and swelling. Yang et al. (2012) reported that WPCs with
60% wood content displayed the highest water uptake, which continued beyond 24 hours of immersion. In
contrast, our composites with higher resin content (55:45 and 60:40) maintained water absorption below
4% after 24 hours, demonstrating the effectiveness of increased resin proportions in limiting moisture
uptake.

This behavior can be attributed to better encapsulation of wood particles and enhanced interfacial
adhesion between the hydrophilic wood flour and the hydrophobic epoxy matrix (Khan et al., 2019). The
improved matrix coverage reduces the exposure of wood pores to water, thereby lowering water absorption.
Furthermore, as noted by Migneault et al. (2008), larger wood particles and higher wood content tend to
increase water absorption due to incomplete polymer coverage. These observations support our conclusion
that a higher resin proportion (i.e., a lower wood content) is key to improving the water and swelling

resistance of these composites.
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Table 3.2 Average values of water absorption and radial swelling for composites after 24 hours of

soaking.
Ratio Physical properties
Absorption
Epoxy:Wood Swelling (%)
(7o)
40:60 45.01+5.28 6.65+1.30
45:55 36.59+4.88 4.99+1.01
50:50s 27.67+4.42 4.89+0.75
50:50, 27.93+0.78 4.97+0.59
55:45 5.04+0.72 1.45+0.22
60:40 2.10+0.53 1.63+0.11

Note: S: Small screen (0.5 mm); b: big screen (1 mm)

3.4.5 Fire Resistance Evaluation of the Composite Rods

Mass loss and flame spread rate of wood—epoxy composites as a function of epoxy-to-wood ratio
and screw speed are shown in Figure 3.8 Mass loss reflects the amount of material consumed during
combustion, indicating overall flammability, while flame spread rate represents the speed at which fire
propagates across the composite surface, providing insight into fire resistance (Xu et al., 2019). The results
showed that mass loss decreased with increasing resin-to-wood ratios, indicating that composites with a
higher resin content are less flammable due to improved char formation and thermal protection. Statistical
analysis using one-way ANOVA confirmed that the effect of the wood ratio on mass loss was highly
significant (p < 0.001), demonstrating that varying the wood content substantially influences the
composite’s flammability. Similarly, the flame spread rate was also significantly affected by the epoxy-to-
wood ratio (p < 0.001), confirming that resin content plays a critical role in enhancing fire resistance.

Based on the flame spread rate graphs and maximum temperature distribution, it was observed that

the maximum temperature spread over a smaller surface area in rods with a 55:45 epoxy-to-wood ratio
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compared to other compositions. Although the flame spread rate generally decreased with increasing resin
content, the rods with a 60% epoxy composition showed higher flame spread rates. This suggests that
beyond a certain resin concentration, fire behavior may be influenced by other factors, such as the thermal
degradation pattern of the resin itself. Additionally, the presence of “sharkskin” at higher screw speeds and
epoxy contents (see Figure 3.6) may also contribute to the increased flame spread rate in these samples.
Sharkskin leads to a rougher, less smooth surface, which can create micro-defects (Arda & Mackley, 2005)
and localized heat concentration, facilitating ignition and flame propagation. Particle size did not show a
significant impact on flame performance.

Natural fiber-reinforced polymer composites face a significant limitation due to their thermal
instability. Both the polymer matrix and natural fibers are inherently flammable, acting as effective
conductors of fire. The high flammability of natural fibers is largely attributed to their high cellulose
content, which ignites more readily than components with higher hemicellulose or lignin content (Saba et
al., 2016). In this context, increasing the wood flour ratio leads to greater mass loss during thermal
degradation. Interestingly, composites with the highest epoxy-to-wood ratio (60:40) also exhibited
considerable mass loss. This may be related to the decomposition behavior of epoxy, which, as a
thermosetting polymer, breaks down at elevated temperatures (typically between 400—-500 °C), releasing
heat, smoke, soot, and toxic volatiles (Rakotomalala et al., 2010). Therefore, optimizing the resin-to-fiber
ratio is essential not only to improve mechanical performance but also to enhance flame resistance and

ensure the development of safer and more sustainable composite materials.
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Fig. 3.9 Infrared thermal monitoring of cured rods subjected to a Bunsen burner flame
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3.5 Conclusions

This study demonstrated that the epoxy-to-wood ratio is the most critical factor influencing the
physical, mechanical, and fire-resistant properties of extruded wood—epoxy composites. Among the tested
ratios, the 55:45 epoxy-to-wood ratio provided the best overall performance, significantly enhancing
compressive strength, flexural strength, and stiffness due to optimal bonding and effective encapsulation of
wood particles. Higher epoxy content at this ratio also contributed to reduced water absorption and radial
swelling, leading to improved dimensional stability thanks to more complete resin coverage. Additionally,
fire resistance was enhanced, as evidenced by lower mass loss and slower flame spread. Furthermore,
maintaining a balanced epoxy-to-wood ratio like 55:45 is crucial to avoid surface defects such as sharkskin.
In conclusion, the 55:45 epoxy-to-wood ratio is key for producing extruded wood—epoxy composites with
superior mechanical, physical, and fire-resistant properties while ensuring surface quality and dimensional

stability.
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Chapter 4
Effect of Partial Replacement of Phenol-Resorcinol-Formaldehyde Resin with Bio-oil on Thermal,

Mechanical, and Curing Properties

4.1 Abstract

In the present study, the effect of partially replacing a commercial phenol-resorcinol-formaldehyde (PRF)
resin with bio-oil, at substitution levels up to 50%, was investigated with respect to its thermal, mechanical,
and curing (pot life) properties. The curing behavior was analyzed by differential scanning calorimetry
(DSC), and thermal stability was assessed via thermogravimetric analysis (TGA). Pot life was estimated
through gelation time measurements. Mechanical performance was evaluated using three-point bending
tests to determine flexural strength and modulus. Results showed that the addition of bio-oil slowed the
curing kinetics, particularly at lower temperatures; however, this effect could be partially mitigated by
increasing the curing temperature. Thermal stability decreased with a higher bio-oil content due to the
presence of less stable bio-oil components, but remained adequate for practical use. Flexural testing
revealed that neat PRF cured at 120 °C had the highest strength and stiffness. Partial substitution with 30%
bio-oil caused moderate reductions in mechanical properties, while 50% substitution significantly reduced
strength and stiffness and induced a ductile, flexible failure mode. This study highlights the potential of
bio-oil to partially replace phenol in PRF resins, offering a pathway toward more sustainable adhesives
with tunable performance based on formulation and curing conditions.

Keywords: Bio-based resins, flexural performance,; curing behavior
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4.2 Introduction

Phenol-formaldehyde (PF) resins have been used for decades as adhesives in the manufacture of wood-
based products such as plywood, fiberboard, and particleboard (Ayrilmis & Ozbay, 2017). These resins are
synthesized through the polymerization of phenol and formaldehyde in the presence of a catalyst
(Berdnikova et al., 2021). Due to their low reactivity, PF resins typically require the use of a hardener and
are generally cured under hot-pressing conditions at temperatures above 160 °C (Ayrilmis & Ozbay, 2017;
T. Lietal., 2017).

For this reason, the development of adhesives capable of curing at room temperature, commonly
referred to as cold-setting adhesives, has gained significant attention. These adhesives are not only safer to
handle but also considerably reduce energy consumption and operational costs in wood product
manufacturing (Wibowo et al., 2025; Wibowo & Park, 2024). One alternative to conventional PF resins is
phenol-resorcinol-formaldehyde (PRF) resins, which can be cured at room temperature under neutral
conditions due to their high reactivity (Liu et al., 2017). These resins form strong bonds and perform
exceptionally well under various weathering conditions (Lisperguer et al., 2005). Cold-setting PRF
adhesives are typically produced in two steps. First, a low-condensation PF resol with reactive methylol
groups is synthesized by reacting phenol with excess formaldehyde under alkaline conditions. Then,
resorcinol is added, reacting with the PF methylol groups to form a thermosetting PRF resin with resorcinol
grafted onto the PF chain. Curing is driven by a cross-linking polycondensation reaction between excess
resorcinol and the added formaldehyde hardener (Klausler et al., 2013). However, PRF resins are generally
more expensive than conventional PF resins (Liu et al., 2017), and their rapid curing at room temperature
can limit the processing window in applications that involve mixing, pressing, or extrusion with wood
materials (Wibowo & Park, 2024).

A promising strategy to extend this pot life and reduce production costs is the partial replacement of
phenol with lignocellulosic biomass or its liquefied bio-oil in the preparation of phenolic resins (Dong et
al., 2018; Faraheen Kabir Ahmad et al., 2022). Biomass is a key renewable source of energy and chemical

feedstocks, offering a sustainable alternative to fossil-based resources (Kircher, 2015). Among biomass
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conversion technologies, fast pyrolysis stands out for its thermochemical efficiency, producing a bio-oil
rich in phenolic compounds, making it an ideal candidate for chemical production (Cui et al., 2017). Several
studies have explored the feasibility of partially replacing phenol with biomass-derived bio-oil in PF resin
formulations, highlighting its lower cost and renewable origin (Sarika et al., 2020). For instance, research
involving bio-oil obtained from sugarcane bagasse pyrolysis demonstrated that substitution levels up to
20% did not compromise shear strength, which remained comparable to that of commercial resins (Faraheen
et al., 2022). Similarly, Ayrilmis & Ozbay (2017) reported enhancements in mechanical properties such as
wet shear strength, modulus of rupture (MOR), and modulus of elasticity (MOE) in plywood bonded with
resins modified with 20% bio-oil.

In addition, Q. Li et al. (2020) showed that PF resins modified with phenol-rich bio-oil significantly
improved the mechanical performance of panels, achieving up to a 13% increase in bond strength compared
to unmodified resins, even at substitution levels of up to 50%. In another study by Cui et al. (2017b), a bio-
oil-modified PF (BPF) resin containing 20% bio-oil exhibited only a slight effect on its curing behavior. In
their study, thermal analyses, including DSC and TGA, indicated that while the addition of bio-oil altered
the curing process, performance remained largely unaffected at low substitution levels. Furthermore,
improvements in bending strength suggested a positive influence of bio-oil on the mechanical properties of
the resin. In a separate study, Ren et al. (2017) synthesized a bio-oil-resorcinol-aldehyde (BRF) resin by
partially replacing resorcinol with pyrolysis bio-oil. As the proportion of bio-oil increased, both the
viscosity and solid content of the resin also increased. However, this modification resulted in a decrease in
shear strength. Despite this, at substitution levels of up to 20%, the mechanical strength and wood failure
values remained comparable to those of conventional resorcinol-formaldehyde (RF) resins. Although
extensive research has been conducted on the partial replacement of phenol with bio-oil in phenolic resins,
few studies have explored this substitution in commercially available PRF resins, particularly focusing on
their curing behavior and mechanical properties in structural applications.

In the present study, the effect of partially replacing a commercial phenol-resorcinol-formaldehyde

PRF) resin with bio-oil, at substitution levels of up to 50%, was investigated with respect to its thermal,
p g p
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mechanical, and curing (pot life) properties. The curing behavior was analyzed using differential scanning
calorimetry (DSC), and thermal stability was assessed by thermogravimetric analysis (TGA). Pot life was
estimated through gelation time measurements. To evaluate the structural performance of the modified
adhesives, three-point bending tests were conducted to determine the flexural modulus and flexural
strength. These techniques provided insights into the influence of bio-oil content on the overall performance

of the modified adhesive.

4.3 Materials and Method
4.3.1 Materials

The bio-oil used in this study, derived from the pyrolysis of pine sawdust waste, was produced at
the Center for Bioenergy and Bioproducts, Auburn University, Alabama. According to Sakhakarmy et al.
(2024), the bio-oil used in this study had a pH of 3.5 and a water content of 13.56%, with hydroxyl group
concentrations of 4.20 mmol/g for aliphatic OH, 3.96 mmol/g for phenolic OH, and 0.53 mmol/g for acidic
OH, resulting in a total OH concentration of 8.69 mmol/g. The commercial resins used were cold-setting
phenol-resorcinol-formaldehyde (PRF) systems, Cascophen™ 4001-8 (resin) and Cascoset 5830 E
(hardener), supplied by Hexion. These were combined in a 2.5:1 ratio of resin to hardener, yielding a system
with a pH of 10.2. The specific gravities of the components were 1.181 for Cascophen 4001-8 and 1.209

for Cascoset 5830 E.

4.3.2 Preparation of PRF- Bio-oil matrix

For the preparation of the resin with partial bio-oil replacement, the dry material of each component
was first measured, as shown in Table 4.1. Based on these values, the amount of bio-oil required to partially
replace Cascophen was calculated. The three components, bio-oil, Cascophen, and Cascoset, were

combined simultaneously. The mixture was stirred using a magnetic stirrer at 500 RPM for 5 min.
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Table 4.1 Dry material content of the resin components

Average Dry Material Content

Sample
(wt.%)
Bio oil 50.40
Cascophen 57.92
Cascoset 16.92

4.3.3 Characterization of Resin Curing Behavior of liquid sample

4.3.3.1 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) analysis was performed on the liquid resin samples to
study their curing behavior and thermal transitions. The DSC tests provided insight into the exothermic
curing reactions at different bio-oil substitution levels and curing temperatures. Samples of 5 to 10 mg were
placed in aluminum pans and scanned under a controlled heating program from 25 °C to 170 °C at a rate of
10 °C/min in a nitrogen flow of 50 mL/min. Based on the DSC results—particularly the onset and peak
temperatures of the exothermic curing reactions—the appropriate curing temperature parameters were

selected for each formulation. This thermal characterization was essential to define curing profiles while
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carefully staying within a temperature range that avoids potential resin degradation. These parameters were
subsequently used to guide the selection of curing temperatures in the full factorial experimental design,

allowing for a systematic evaluation of the effect of temperature and bio-oil content on resin performance.

4.3.3.2 Gel Time Measurement

A 6 g sample of resin was placed into a 15 mm diameter glass vial, into which a glass rod was also
inserted. The vial was then immersed in an oil bath maintained at a controlled temperature range of 60—
120 £ 1 °C. The gel time was recorded as the elapsed time from the moment the vial was immersed in the
oil bath until the resin reached gelation, identified by the formation of a continuous resin thread adhering

to the glass rod when it was gently lifted from the resin.

4.3.4 Characterization of Resin Curing Behavior of cured samples

4.3.4.1 Thermogravimetric Analysis (TGA)

The thermogravimetric analyses (TGA) of cured resin samples were performed using a TA
Instruments Q500 analyzer to evaluate their thermal stability. Prior to testing, all samples were cured and
dried at 105 °C overnight to remove residual moisture. Approximately 10 to 20 mg of each specimen was
placed in platinum crucibles and heated from 30 °C to 900 °C at a rate of 10 °C/min under a nitrogen
atmosphere with a flow rate of 50 mL/min. The thermogravimetric (TG) and derivative thermogravimetric

(DTG) curves were recorded to analyze the thermal decomposition behavior.
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4.3.5 Full Factorial Experimental Design

In our experiment, we used a full factorial design to quantitatively assess the relationship
between the response functions and the process variables, specifically examining the influence of
curing temperatures and % Bio-oil on the curing process of bio-based phenol-resorcinol-

formaldehyde (PRF) resin. The variables identified were:

(a) Curing temperature, xi

(b) % Bio-oil, x,,

The Curing temperature was varied systematically to evaluate its impact on the resin's performance.
Three different Curing temperatures were tested: 60, 90, and 120 °C. Two-response parameters, namely,
Flexural Strength and Modulus, were used to characterize the curing response of the system. Table 4.2

shows the experimental ranges and levels of the factors used in the full factorial design.

The number of runs (N) required for a full factorial design is determined using the formula provided

by Wang & Wan (2009).

N=L; x Ly x...xL;

where :

L, x Ly x...xLs is the number of levels for each factor,

In our experiment:

L (Curing temperature) = 3

L, (% Bio-oil) =3

Therefore, the total number of runs (N) required is:

N=3x3=9
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Table 4.2 Experimental ranges and levels of the factors used in the full factorial design.

Factor Units | Levels Tested

Curing Temperature | °C 60, 90, 120

Bio-oil Substitution % 0, 30, 50

4.3.6 Mechanical Testing Procedure

Mechanical testing was conducted to evaluate the flexural properties of cured resin samples in accordance
with ASTM D790 — Standard Test Methods for Flexural Properties of Unreinforced and Reinforced
Plastics and Electrical Insulating Materials. Rectangular specimens with uniform dimensions of 127 mm
(length) x 12.7 mm (width) x 3.2 mm (thickness), as specified by the standard, were fabricated using
silicone molds supplied by MB Prototyping Ltd. (Canada). All samples were tested using a three-point

bending setup under consistent conditions.
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4.3.6.1 Optimization of Curing Time for Neat PRF Resin

To identify the optimal curing duration for the neat phenol-resorcinol-formaldehyde (PRF) resin,
gel time measurements were initially performed. Based on these results, three curing durations—3x, 5x,
and 10x the measured gel time—were selected for evaluation. For each condition, four replicate specimens
were prepared and tested using the three-point bending method to determine flexural strength and modulus.
A one-way analysis of variance (ANOVA) was conducted to examine the influence of curing duration on
mechanical performance. Where statistically significant differences were detected (p < 0.05), Duncan’s
multiple range test was applied to identify homogeneous groups. The condition corresponding to 10x the
gel time resulted in significantly superior mechanical properties and was therefore selected for all

subsequent tests.

4.3.6.2 Mechanical Testing of Bio-Oil-Modified Formulations

The optimized curing condition (10x gel time) was applied to all bio-oil-modified PRF
formulations. These included various bio-oil loadings and were cured at three target temperatures—60°C,
90°C, and 120°C—as defined by the experimental matrix. For each condition, four replicate specimens
were prepared and tested under identical three-point bending conditions. A two-way ANOVA was
conducted to evaluate the effects of curing temperature and bio-oil content on flexural properties. When
significant differences were observed, Duncan’s multiple range test was used to identify statistically distinct

groups.
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4.3.6.3 Differential Scanning Calorimetry (DSC) Analysis of Cured Samples

DSC was performed on cured neat PRF and bio-oil modified resins (30% and 50%) using the same
equipment and parameters as for liquid samples. Approximately 5—10 mg of each sample were heated from
25°Cto 170 °C at 10 °C/min under nitrogen flow (50 mL/min). The thermograms were analyzed to assess

residual curing and crosslinking efficiency after curing at 60 °C, 90 °C, and 120 °C.

4.4 Results and Discussion

4.4.1 Curing Behavior and Thermal Stability of PRF-Bio-oil Resin Systems

4.4.1.1 Differential Scanning Calorimetry (DSC)

Figure 4.1 shows the DSC thermograms of the pure PRF resin, pure bio-oil, and mixtures with
30% and 50% substitution of PRF by bio-oil. In all cases, a first exothermic shoulder appears around 60—
130 °C. This peak has been attributed to the reaction of the 4 and 6 positions of the resorcinol ring with
formaldehyde, leading to the formation of mono-, di-, and tri-hydroxymethyl derivatives, precursors of the
subsequent crosslinking. In some studies, this reaction shows a maximum around 85 °C (Chow, 1997,
Kinnertova & Slovak, 2018). This is followed by a second endothermic peak, which has been attributed to
water loss during the formation of the crosslinked network (Liu et al., 2020; Wang et al., 1994). These
results agree with previous studies that distinguish between a first exothermic event associated with the
formation of reactive precursors and a second endothermic event related to water loss during the formation
of the crosslinked network.

In the pure PRF sample, the main endothermic peak occurs at 135.87 °C; for the formulation with
30% bio-oil, this peak shifts slightly to 139.08 °C, suggesting that bio-oil addition increases the energy
required for the polymerization process. In the 50% bio-oil sample, the endothermic peak becomes broader
and less defined, which may indicate reduced crosslinking efficiency due to the presence of less reactive

components in the bio-oil (Shahid et al., 2015).
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Fig. 4.1 Thermograms by DSC of PRF resins with varying bio-oil substitution levels to assess curing
behavior and thermal transition.

Based on these thermal analysis results, three curing temperatures 60 °C, 90 °C, and 120 °C were
selected to conduct a full factorial design using the three formulations (pure PRF, 30% bio-oil substitution,
and 50% bio-oil substitution). These temperatures were chosen to capture the range of critical thermal
events. This comprehensive approach helps in understanding not only how the presence of bio-oil affects
the crosslinking efficiency but also provides practical insights into the processing and performance of the

adhesive formulations under varied thermal curing conditions.

4.4.1.2 Curing Behavior Assessed by Gelation Time Measurements
Table 4.3 presents the gelation times of neat PRF and bio-oil-modified resin formulations at curing
temperatures of 60, 90, and 120 °C, illustrating the effects of both temperature and bio-oil content on the

curing kinetics. Gel time, defined as the point at which a three-dimensional polymer network begins to

form, reflects the onset of crosslinking (Celikbag et al., 2020).
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As expected, gelation times decreased with increasing temperature for all formulations, indicating
accelerated crosslinking under higher thermal input. Neat PRF consistently exhibited the shortest gel times
across all temperatures, confirming its high reactivity. In contrast, the incorporation of bio-oil significantly
extended gelation times, particularly at lower temperatures, suggesting that certain components in the bio-
oil may hinder or delay network formation. The most pronounced delay was observed in the 50% bio-oil
formulation at 60 °C. However, this inhibitory effect diminished at elevated temperatures: at 120 °C, the
gelation times of the 30% and 50% bio-o0il formulations were reduced to 1.53 and 5.04 minutes,
respectively.

These results suggest that while bio-oil reduces the system’s reactivity—likely due to the presence of
less reactive or interfering compounds—this effect can be partially mitigated by increasing the curing
temperature, which enhances the overall curing process. This trend is consistent with previous studies on
bio-based phenolic systems, where partial replacement with bio-oil initially accelerates curing, but higher
substitution levels significantly prolong gelation time due to the lower reactivity and reduced number of
reactive sites in bio-oil compared to phenol (Celikbag et al., 2020; Dong et al., 2018; KOKTEN et al.,

2020).

Table 4.3 Gelation time of neat PRF and bio-oil-modified resin formulations at three curing temperatures.

Formulation Temperature (°C) Gelation Time (min)
Neat PRF 3.93+0.02
30% Bio-Oil / PRF 60 8.89+0.27
50% Bio-Oil / PRF 133.35+14
Neat PRF 1.60+0.02
30% Bio-Oil / PRF 90 2.93+0.02
50% Bio-Oil / PRF 14.77+0.07
Neat PRF 1.10+0.02
30% Bio-0Oil / PRF 120 1.53+0.03
50% Bio-Oil / PRF 5.04+0.26
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Based on the gelation time results, curing time estimations were established by evaluating fixed
multiples of the measured gelation times (specifically 3%, 5%, and 10x) for each temperature and
formulation. These curing schedules were tested to determine the minimum duration required to achieve a
stable and fully crosslinked polymer network. The effectiveness of each condition was assessed using
differential scanning calorimetry (DSC) and mechanical testing. Among the evaluated conditions, a curing
time equivalent to 10x the gelation time consistently produced fully cured materials across all resin systems,
offering a reliable balance between processing time and network completion. Therefore, this multiplier was
adopted as the basis for defining the curing schedule in the subsequent composite fabrication and property
evaluations. This approach is consistent with previous studies in thermoset processing, where gelation—
identified by the crossover of G’ and G” is used as a reference point to estimate complete cure (Tung &

Dynes, 1982).

4.4.2 Thermal Stability of Bio-oil /PRF—Resin Systems (TGA)

The thermal stability of the PRF adhesives modified with bio-oil was evaluated using TGA, and
the results are presented in Figure 4.2. The thermograms exhibit three main degradation events, with a clear
trend of decreasing thermal stability as bio-oil content increases. This is evidenced by the reduction in both
the onset degradation temperature—defined as the temperature at 5% weight loss—and the maximum
degradation temperature (Tmax). For the unmodified adhesive (neat PRF), the onset degradation
temperature was 183.1 °C and the Tmax was 314.3 °C. In contrast, the formulation with 30% bio-oil showed
an onset at 144.9 °C and Tmax at 217.2 °C, while the 50% bio-oil formulation presented a slightly higher
onset at 158.4 °C but a lower Tmax of 187.9 °C. These findings indicate that increasing bio-oil content
compromises the thermal resistance of the resin, likely due to the presence of thermally labile components
in the bio-oil.

For the neat PRF, the first thermal degradation event occurred between 200 and 360 °C. This stage
is primarily attributed to the evaporation of free water and moisture, along with the release of low molecular

weight compounds formed during the condensation reaction, such as free formaldehyde and phenol. It may
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also involve the cleavage of terminal groups from the polymer chains (Liu et al., 2017b; Wang et al., 2009).
The corresponding weight loss in this region results from the physical desorption of water and the emission

of volatile compounds, including cresols and other small aromatics (Cui et al., 2017).
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Fig 4.2 TGA (a) and DTG (b) Curves of PRF Adhesives with Varying Bio-Oil Content.

In the samples containing 30% and 50% bio-oil, the first degradation event shifts to a lower
temperature range (approximately 120-356 °C), indicating that thermal degradation begins earlier
compared to the neat resin. This observation is supported by the decrease in onset degradation temperatures,
which drop from 183.1 °C for the neat PRF to 144.9 °C and 158.4 °C for the 30% and 50% bio-oil
formulations, respectively. This behavior is likely attributed to the incorporation of thermally less stable
compounds present in the bio-oil. Nevertheless, the thermal stability of the bio-oil-modified PRF resins
remains acceptable, as evidenced by the residual carbon content at 900 °C: 36.09% for the 30% bio-oil
formulation and 28.5% for the 50% formulation, compared to 38.4% for the neat PRF. These values suggest
that, despite a reduction in initial thermal stability with increasing bio-oil content, a considerable amount
of char remains after thermal decomposition. For phenolic resins, the formation of residual carbon (char) is
particularly important, as it reflects the presence of highly crosslinked aromatic structures that are resistant
to thermal degradation (Sun & Sun, 2020).

The second thermal region, located between ~400 and 600 °C for all formulations, is associated
with the decomposition of methylene and ether bridges within the polymer network. These reactions release

phenol, cresol homologs, and other aromatic compounds (Cui et al., 2017; Wang et al., 2009). Additionally,
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the cleavage of these bonds generates methylene and hydroxyl radicals, which may undergo further
oxidation to form carbonyl and carboxyl groups. The degradation in this region also contributes to the
release of gases such as CHa4, CO, and COz. A small quantity of benzene and its derivatives may also form
due to the breakdown of methylene and ether bridges. Moreover, reactions involving phenolic hydroxyl
groups and methylene or two hydroxyl groups can lead to water release Cui et al., 2017). The third thermal
region, observed above 650 °C, is related to the further degradation of aromatic structures, mainly due to
the dehydrogenation of benzene rings leading to carbonaceous residue formation (Lee et al., 2012).

These thermal degradation results, when considered alongside the DSC and gelation time data,
confirm that increasing bio-oil content alters the curing behavior and reduces the thermal stability of PRF
resins. The shifts in exothermic and endothermic transitions observed in DSC, as well as the prolonged
gelation times, suggest that the incorporation of bio-oil delays and weakens the crosslinking process.
Consequently, the resulting polymer networks exhibit lower thermal resistance, as evidenced by earlier
degradation onset and reduced Tmax in TGA. Despite these changes, the presence of substantial char yields
indicates that a thermally stable, aromatic-rich structure is still formed, especially at moderate bio-oil

substitution levels.

4.4.3 Flexural Properties of Bio-oil /PRF—Resin Systems
4.4.3.1 Curing Time Optimization Using Neat PRF Resin

As shown in Figure 4.3, the effect of curing time (3%, 5%, and 10x gelation time) on the mechanical
properties of neat PRF resin was evaluated in terms of flexural strength (MOR) and flexural modulus
(MOE). This analysis aimed to determine the curing duration that maximizes crosslinking efficiency and
mechanical performance without overextending the curing process. The observed trend indicates a clear
improvement in both MOR and MOE with increasing curing time, particularly at 60 °C.

Statistical analysis confirmed that curing time had a significant effect on flexural strength (MOR),
with a p-value of 0.0244, indicating that at least one group's MOR was significantly different from the

others (p < 0.05). Increasing the gelation time multiplier from 3% to 10x led to a statistically significant
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improvement in flexural strength, with the highest value observed at 10x gelation time. Notably, there was
no significant difference between 3x and 5x, both of which resulted in lower MOR values compared to
10x.

In terms of stiffness (flexural modulus, MOE), 10x gelation time also resulted in the best
mechanical performance. Although the MOE at 5x was slightly lower than at 10%, the difference was not
statistically significant. However, curing at only 3x gelation times significantly reduced mechanical
performance, especially in terms of MOE. These results suggest that a minimum of 5x the gelation time is
required to achieve acceptable strength and stiffness, while 10x provides the optimal curing condition for

neat PRF resin under the tested parameters.
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Fig. 4.3 Flexural strength (MOR) and flexural modulus (MOE) of neat PRF resin cured at 3%, 5%, and
10x gelation time at 60 °C.

Note: Bars represent mean values with error bars indicating standard deviation (n = 4). Different letters indicate statistically

significant differences between groups (p < 0.05).

Based on the mechanical performance results of neat PRF resin at different curing times, the
curing duration equivalent to 10x the gelation time was selected for subsequent experiments. This
condition provided the highest flexural strength and modulus, indicating optimal crosslinking and
structural integrity. Therefore, to ensure consistent curing and allow meaningful comparison across

formulations, the 10x gelation time was adopted as the standard curing duration for evaluating the effect
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of curing temperature. For each temperature condition (60 °C, 90 °C, or 120 °C), the corresponding

curing time was calculated based on the gelation time previously determined at that temperature.

4.4.4 Evaluation of Modified Formulations Using the Selected Curing Time
4.4.4.1 Assessment of Cure Completion by DSC

Differential Scanning Calorimetry (DSC) thermograms of cured neat PRF and bio-oil-modified resins
(30% and 50% substitution) cured at 60 °C, 90 °C, and 120 °C are presented in Figure 4.4. These profiles
provide insights into the extent of curing and the residual thermal activity in the networks after thermal
treatment.

For the neat PRF formulation, the DSC curve of the sample cured at 60 °C exhibits a noticeable
exothermic shoulder around 80130 °C. This thermal event is associated with residual curing reactions,
indicating that the crosslinking process was not fully completed under this curing condition. As the curing
temperature increases to 90 °C and 120 °C, the intensity of this exothermic event progressively decreases,
which is consistent with previous findings regarding the increased degree of cure at higher temperatures
(Solomon & Rudin, 1990). The sample cured at 120 °C exhibits the lowest residual heat flow, suggesting
that a more complete polymerization was achieved under this condition. The formulation containing 30%
bio-oil substitution exhibits a similar thermal behavior to neat PRF. The sample cured at 60 °C shows a
noticeable exothermic shoulder, indicative of partial curing. However, unlike neat PRF, the exothermic
shoulder persists in the sample cured at 120 °C, although with reduced intensity. This suggests that the
incorporation of bio-oil decreases the curing efficiency, likely due to the presence of less reactive
components, which increase the energy required for complete network formation (Shahid et al., 2015).

In the case of 50% bio-oil substitution, the thermograms display broader and less defined
exothermic transitions across all curing temperatures. These features imply a lower degree of curing and a
less homogeneous polymer network. Residual exothermic activity is still evident at 120 °C, supporting the
idea that the high bio-oil content significantly interferes with the crosslinking process. The broadness and

persistence of these thermal events may also be attributed to the increased presence of non-phenolic or
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aliphatic compounds within the bio-oil, which show lower reactivity toward formaldehyde. Overall, the
DSC data demonstrates that increasing the curing temperature enhances the extent of crosslinking in all
formulations. However, higher bio-oil content reduces curing efficiency, as evidenced by the increased
residual exothermic activity and altered thermogram shapes. These results highlight the importance of
optimizing curing conditions when incorporating bio-oil to ensure adequate thermal and mechanical

performance of the final resin system.
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Fig. 4.4 DSC thermograms of (a) neat PRF resin, (b) 30% bio-oil replacement, and (c) 50% bio-oil

replacement, after thermal curing at 60 °C, 90 °C, and 120 °C.

4.4.4.2 Flexural Response of Bio-Oil Modified PRF Resins

Figure 4.5 presents the flexural properties (flexural strength and modulus of elasticity, i.e., flexural
modulus) of neat and bio-oil modified PRF resins cured at different temperatures using 10x the gelation
time. Two-way ANOVA revealed statistically significant effects of formulation, curing temperature, and
their interaction (p < 0.001) on both flexural strength and modulus of elasticity. Duncan's multiple range
test further categorized the samples into distinct groups, reflecting significant differences among
formulations and curing conditions.

In terms of flexural strength, the neat PRF formulation cured at 120 °C exhibited the highest values,
consistent with the DSC results that showed well-defined thermal transitions indicative of a more complete
curing process and a higher crosslink density. The 30% bio-0il/PRF formulation displayed intermediate
flexural strength values, grouped in b or ¢ depending on curing temperature, corresponding to the partial

curing suggested by the less intense exothermic shoulder observed in DSC. Conversely, the 50% bio-
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0il/PRF formulation showed the lowest flexural strength values across all temperatures (group d), reflecting
the broader and more persistent exothermic transitions in the DSC thermograms that indicate incomplete
and less uniform crosslinking.

Interestingly, during the 3-point bending test, the 50% bio-0il/PRF samples did not fracture but
underwent extensive deformation (Figure 4.5), suggesting a shift toward a more ductile and flexible
material. Although no fracture occurred, the maximum force recorded before the onset of large plastic
deformation was used to calculate flexural strength and modulus of elasticity values, ensuring consistency
in reporting while emphasizing the fundamentally different failure behavior compared to the more brittle
neat PRF. This ductile behavior aligns with the low flexural strength and modulus of elasticity values,
supporting the notion that higher bio-oil content reduces stiffness and promotes flexibility due to less
effective crosslinking.

A similar trend was observed in modulus of elasticity values, where neat PRF cured at 120 °C
demonstrated the highest stiffness (~48.8 MPa), significantly surpassing all other groups (group a). The
30% bio-o0il/PRF samples exhibited intermediate stiffness (~13—15 MPa), with slight variation across
temperatures (group c), while the 50% bio-o0il/PRF at 120 °C showed modulus values close to zero (group

d), confirming a pronounced loss of rigidity consistent with the DSC evidence of incomplete cure.
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Fig 4.5 Flexural strength (a) and flexural modulus (b) of neat PRF, 30% bio-oil/PRF and 50% bio-

0il/PRF formulations cured at 60 °C, 90 °C, and 120 °C, using 10x gelation time.

Note: Bars represent mean values with standard deviation (n = 4). Statistical differences were determined by

Duncan’s multiple range test (p < 0.05), with different letters indicating significantly different groups.
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Figure 4.6 shows the ductile behavior of the 50% bio-0il/PRF resin cured at 60 °C, 90 °C, and
120 °C (Figures 4.6a and 4.6b). The samples exhibited significant flexibility without fracturing during
bending tests. The specimen cured at 120 °C (Figure 4.6¢). Displayed noticeable internal porosity, likely
caused by water evaporation promoted by volatile compounds in the bio-oil during curing. This porosity
may contribute to the further reduction in stiffness and strength observed in mechanical tests at higher
curing temperatures. The visual evidence supports the mechanical findings, indicating that higher bio-oil
content and curing temperature promote ductile behavior but also introduce defects that compromise

structural integrity.

(a)

Fig. 4.6 Visual appearance of the 50% bio-0il/PRF resin specimens cured at (a) 60 °C, (b) 90 °C, and (¢)

120 °C after three-point bending tests. bio-oil during the high-temperature curing process.

Note: Manually bent specimens of the 50% bio-oil/PRF formulation after three-point bending tests, cured at (a) 60 °C,
(b) 90 °C, and (c) 120 °C. All samples exhibited pronounced ductile behavior, evidenced by significant bending without
fracture. The specimen cured at 120 °C (c) displays visible internal porosity, which likely results from the evaporation
of moisture or volatile compounds in the bio-oil during high-temperature curing. A zoomed-in detail is shown in the
circle for better visualization.
These results highlight a clear trade-off between bio-oil content and mechanical performance in PRF
resins. Increasing bio-oil substitution to 50% significantly reduces flexural strength and stiffness, primarily
due to incomplete curing and the development of internal porosity at higher curing temperatures. However,

this higher bio-oil content also imparts pronounced ductility and flexibility, as evidenced by the bending

behavior without fracture. This dual effect suggests that bio-oil modified resins can be tailored for
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applications requiring enhanced flexibility, but careful optimization of formulation and curing conditions

is essential to minimize defects and maintain adequate structural integrity.

4.5 Conclusions

This study demonstrated that partial replacement of commercial phenol-resorcinol-formaldehyde (PRF)
resin with bio-oil up to 50% significantly influences the curing behavior, thermal stability, and mechanical
properties of the resulting adhesive systems. Incorporation of bio-oil slowed the curing kinetics and
extended gelation times, especially at lower temperatures, although higher curing temperatures partially
mitigated these effects. Thermal analysis revealed a reduction in thermal stability with increasing bio-oil
content due to less thermally stable bio-oil components, yet an adequate residual char content indicated the
formation of a crosslinked aromatic network. Mechanical testing showed that neat PRF cured at 120 °C
exhibited the highest flexural strength and stiffness. Substitution with 30% bio-oil caused moderate
decreases in these properties, while 50% substitution led to a pronounced reduction in strength and modulus,
accompanied by a shift toward ductile and flexible failure behavior. This suggests that higher bio-oil content
disrupts crosslink density and introduces porosity during curing. Overall, bio-oil substitution provides a
promising route to partially replace phenol in PRF adhesives, enabling tunable mechanical performance
and improved sustainability. However, optimizing curing conditions and formulation is critical to balance

flexibility and structural integrity for targeted applications.
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Chapter 5

Summary and future recommendations

5.1 Summary

This research project aimed to develop, characterize, and optimize thermoset bio-composite
materials using renewable fillers and partially bio-based resin matrices for their application in extrusion-
based 3D printing of sustainable housing components. Across three integrated studies, the work addressed
material performance at different scales—from nanoscale reinforcement to macroscale composite
formulation and bio-based resin development—providing a comprehensive strategy toward sustainable
construction materials.

In the first study, cellulose nanofibrils (CNFs) were explored as nano-reinforcements for epoxy
matrices. Bleached CNFs (BCNF) significantly outperformed lignin-containing CNFs (LCNF) in
improving toughness and stiffness, with 0.75 wt% BCNF yielding optimal mechanical properties due to
better dispersion and interfacial compatibility. In the second study, wood flour—epoxy composites were
optimized for extrusion by evaluating the effects of wood content, particle size, and screw speed. The 55:45
epoxy-to-wood ratio produced composites with superior strength, reduced water absorption, and improved
fire resistance, confirming the critical role of formulation in performance. The third study investigated the
substitution of phenol in phenol-resorcinol-formaldehyde (PRF) resins with bio-oil. Results showed that up
to 30% substitution preserved thermal and mechanical performance, while higher levels introduced ductility
and reduced stiffness, suggesting tunable behavior for specific applications.

Together, these studies demonstrate that bio-based fillers and partially renewable resins can be
successfully integrated into high-performance composite systems for construction applications. The
findings emphasize the importance of formulation optimization, filler compatibility, and process conditions

in balancing mechanical performance, thermal stability, and sustainability.
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5.2 Future recommendations

Future research should prioritize enhancing the production process of nanocellulose-reinforced
composites to improve dispersion quality and minimize defects such as fiber agglomeration and entrapped
air bubbles. Lignin-containing cellulose nanofibrils (LCNFs) present unique challenges due to their
heterogeneous surface chemistry and partial hydrophobicity caused by lignin content, which often leads to
poor dispersion within the epoxy matrix. This agglomeration negatively impacts mechanical performance
and reduces effective fiber—matrix interaction. To address these issues, advanced dispersion techniques
such as ultrasonication, or solvent exchange should be optimized and standardized during sample
preparation. Additionally, careful degassing protocols should be implemented to remove air bubbles that
compromise composite integrity. Improving these processing parameters will facilitate higher nanofiber
loadings with uniform distribution, ultimately enhancing both mechanical and thermal properties of the
composites. For the wood flour—epoxy composites developed for extrusion, further investigation into the
rheological behavior during processing is essential to optimize flow characteristics and avoid defects during
3D printing. Equally important is optimizing the composite formulation to enhance the wetting and
adhesion of wood flour by the epoxy resin, which directly affects dispersion quality and extrudability.

In the context of bio-oil-modified PRF adhesives, it is recommended to expand the range of
substitution levels tested (e.g., 10%, 20%, and 40%) to gain a more comprehensive understanding of how
bio-oil content influences curing, network structure, and mechanical properties. This broader dataset will
provide better context for interpreting results and optimizing formulations. Detailed chemical and physical
characterizations, including spectroscopy, rheology, and thermal analysis, should be conducted to identify
reactive components and potential inhibitors. Additionally, exploring chemical modifications or hybrid
curing strategies could further improve resin performance.

Across all systems, long-term durability testing under environmental exposure (humidity, UV,
freeze—thaw) is necessary to validate these materials for real-world construction applications. Furthermore,

life cycle assessment (LCA) and techno-economic analysis should be conducted to quantify environmental
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benefits and evaluate scalability. These steps will be crucial to transition these bio-composites from lab-

scale development to industrial application in the construction sector.
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Appendix A

Supporting Material Chapter 2
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Fig. A.1 Representative Stress—Strain Curves of the Composites Used for Tensile Strength and Toughness

Determination

Table A1 Maximum Tensile Strength Values of the Composites Determined from Stress—Strain Peaks

Formulation Strain at Break Max Stress

(mm/mm) (Mpa)

1% BCNF 0.144 16.69
0.75% BCNF 0.141 21.21
0.5% BCNF 0.106 12.23
Neat Epoxy 0.108 12.46
1% LCNF 0.145 7.56
0.75% LCNF 0.145 7.95
0.5% LCNF 0.147 8.83
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Fig. A2. Width Distribution of (a) Bleached Cellulose Nanofibrils (BCNF) and (b) Lignin-Containing

Cellulose Nanofibrils (LCNF)
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