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ABSTRACT

A significant challenge in this world today is innovating sustainably sourced materials for
advanced engineering applications. Cellulose nanocrystals (CNCs) have excellent potential in
these advanced applications as reinforcement in softwood because of their inherent
biodegradability, universal accessibility, and exceptional mechanical properties. This research
aimed to design a novel method to impregnate cellulose nanocrystals into marginal-quality
softwood to enhance its mechanical properties for advanced engineering and architectural
applications. In this research, southern yellow pine (SYP) wood underwent sodium hydroxide
treatment to remove lignin from the wood cells. Then, SYP samples were submerged into a
surface-functionalized (by either acetic acid or benzoic acid) CNC solution and subjected to
ultrasonication treatment to penetrate functionalized-CNC into the SYP. A vacuum pressure
treatment for air pocket removal and functionalized-CNC impregnation followed this. After
treatment, the wood was dried and underwent mechanical testing following ASTM D1037 and
ASTM D2339 standards. Delignified and functionalized-CNC impregnated SYP increased the
modulus of rupture (MOR) by 68% and the modulus of elasticity (MOE) by 72%. Localized MOE
maps were also generated under an atomic force microscope (AFM) to characterize the material.
It was found that the areas with a CNC presence have a significantly greater elasticity modulus
(<20 GPa) compared to the rest of the region consisting of SYP (3.00 - 8.55 GPa) using the
Hertzian Contact model. The results support a novel methodology to improve the mechanical
properties of wood delignification and functionalized CNC impregnation.
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1 INTRODUCTION

1.1 Motivation

Wood is a renewable material with a wide range of applications and properties. However,
the rise of mass production techniques and the increasing demand for wood as a construction
material has led to shortages in the availability of high-strength wood and the depletion of natural
forests (Nepal et al., 2021). The lack of high-strength wood availability has resulted in a major
challenge in the construction industry today: the shortage of trees aged for harvest, resulting in
builders resorting to the use of alternative and more expensive building materials (Ameh et al.,
2019) such as concrete or plastic polymers which are not biodegradable (Brandner et al., 2016).
To meet the demand for higher-strength wood products, varieties of softwood not traditionally
used in applications such as heavy construction can be treated in several ways to obtain desirable
engineering properties.

The most common method to make wood suitable for advanced engineering applications
is lamination, a technique/process of manufacturing wood in multiple layers such that the
composite wood achieves improved strength, stability, sound insulation, appearance, or other
desirable properties from the different material(s). Previous work includes laminating wood using
adhesives or fasteners to bind small strips of wood together (Sotayo et al., 2020). The advantages
of this technique are increased tensile strength (parallel to grain: 226 MPa to 236 MPa;
perpendicular to grain: 3.17 MPa to 3.79) and compressive strength (parallel to grain: 49 to 62

MPa; perpendicular to grain: 24 to 44 MPa) according to a previous study (Manik et al., 2019).
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However, disadvantages include decreased stiffness over time (Guan et al., 2010) and dimensional
instability after repeated cycles (Sotayo et al., 2020).

Another common method for wood modification is delignification and
densification. Delignification is a process that removes the lignin within the wood, a key structural
material in the wood. However, due to its recalcitrant, heterogeneous, and complicated structure,
its removal can ease modification techniques via the increase in porosity of the wood or facilitate
the collapse of cell walls within the wood. Densification is the process by which wood density is
increased via wood compression (Frey et al., 2018). Densification enhances the mechanical
properties of wood by achieving a higher homogeneity while preserving structural directionality
(Kollmann et al., 2012). However, the disadvantage of densification is the collapse of cell walls
and the formation of microcracks (Frey et al., 2018). Delignification improves densification by
extracting lignin from wood to disintegrate it into fibrous components, reducing the cell wall's
transverse rigidity and facilitating cell wall collapse during densification (Kollmann et al., 2012).
Previous studies have researched delignified and densified wood derived from fast-growing woods
such as poplar in bulk form (Frey et al., 2018) and green wood form (Wang et al., 2021). These
studies have found improved dimensional stability from 12% to 0% in green wood form (Wang et
al., 2021) and enhanced elastic moduli from 15 GPa to 35 GPa in bulk form (Frey et al., 2018).

Wood can also be modified through impregnation. Impregnation is conducted in numerous
ways, with the most common methods being full-cell and empty-cell treatments (Laks et al., 2008).
The full cell method, or the Bethel method, induces an initial vacuum to remove air pockets in the
wood and the cylinder. The vacuum is followed by a pressure treatment of the wood to fill the full

wood cell with a desired chemical until desired chemical retention is obtained. This process yields
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maximum chemical retention (Laks et al., 2008). The half-cell or the modified full-cell technique
is used for water-based chemicals, which uses the same process as the full-cell technique, but with
a reduced initial vacuum level (Lou et al., 2018). The empty-cell method, namely the Lowry
process, uses compressed air to drive out a portion of the preservative absorbed during the pressure
period (Sandberg et al., 2017). This method obtains deep preservative penetration with low net
preservative retention (Laks et al., 2008). This modification technique can also be enhanced using
delignification as greater amounts of nanofiller can be inserted into the wood with increased
porosity. Previous studies have shown that delignification combined with full cell impregnation
on Birchwood has found delignification combined with an ionic liquid treatment led to improved
mechanical performance (Tensile strength increase from 70 to 375 MPa and Shore D Hardness
from 53 to 82) (Khakalo et al., 2020). Additionally, it was found that empty cell impregnation
treatment using nano-aluminum-oxide poplar wood resulted in an increase in elastic moduli from
0.6 to 1.4 GPa (Taghiyari et al., 2017)

Field Emission Scanning Electron Microscopy (FE-SEM) is commonly used to
characterize wood. FE-SEM is an advanced technology used to capture the microstructure image
of the materials. FE-SEM provides topographical and elemental information at magnifications of
10x to 300,000x, with virtually unlimited depth of field. FE-SEM can produce clear images, with
spatial resolution down to 1.5 nanometers (Wang et al., 2018). FE-SEM can be used to analyze the
nanocellulose. However, the disadvantages of FE-SEM are that besides surface images and
chemical composition in certain modes, no surface-level mechanical properties (Wang et al., 2021)
can be assessed with this method which may pose problems with materials of similar

morphologies.
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To address the lack of surface mechanical property assessment from FE-SEM, atomic force
microscopy (AFM) can be used. AFM is a scanning probe microscopy technique wherein a probe
tip contacts the sample surface. This vertical tip motion is measured via laser beam reflection from
the top surface of the probe into a photodetector. AFM produces topographical images with high
x-Yy resolution (tens of nm) and ultrahigh z-resolution (<0.1 nm). The z-resolution is several orders
of magnitude greater than resolutions achievable through diffraction-limited optical microscopy.
So far, AFM has been effectively used to visualize plant cell wall layers (Zimmerman et al., 2006),
their architecture, arrangement, orientation, and size (length and diameter) of cellulose microfibrils
(Schoeffmann et al., 2023). Disadvantages of AFM include the need for extremely smooth samples
to accurately map out the sample's topography (Zimmerman et al., 2021) and the risk of AFM
cantilever tip detachment during contact with the surface or in transition, resulting in tip
replacement costs (Zimmerman et al., 2021).

This research aimed to develop a method to transform SYP softwood into a material
suitable for advanced engineering applications, comparable to that of hardwoods (American
Beech, Sugar Maple, and Live Oak), as SYP has considerably lower properties than the species

described in Table 1.

Table 1: Mechanical Properties of some Wood Species (Ross et al., 2021)

Wood Species MOE (MPa) | MOR (N) | Density (kg/m3) | Hardness(N)
American Beech 11900 103 640 5800
Sugar Maple 12600 109 640 6400
Live Oak 13700 127 880 12920
SYP(Commercial)? 11400 102 476.5 2814

& = data obtained from testing

The novelty of this research is that it combines the techniques of delignification and

densification with the impregnation of a bio-based nanofiller to produce a sustainably sourced
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wood product that can achieve superior mechanical properties. Various tests meeting ASTM
standards, FE-SEM, and AFM were used to prove the achievement of superior mechanical
properties and visualize changes in the material. In this study, southern yellow pine wood (SYP)
was delignified, densified, and impregnated with functionalized cellulose nanocrystals (CNCs) as
a nanofiller.

CNCs are nanomaterial derived from plants via acid hydrolysis to separate the crystalline
and amorphous domains of cellulose by converting the amorphous domains into sugars or other
small molecules. In contrast, the crystalline regions become rigid nanoparticles that are 80-100 nm
in length (Le Gars et al., 2019). CNCs were used as a nanofiller due to their great abundance as
they are sourced from plant material (Chanda et al. 2021), high crystallinity (54-88%), excellent
mechanical properties (tensile strength 7 GPa, elastic modulus of 150 GPa), lightweight,
transparency, relatively low cost, and their versatile surface modification properties (Wang et al.,
2021). As a result of the surface modification properties, these CNCs can be further strengthened
via the Fischer—Speier esterification, using benzoic acid (BA) or acetic acid (AA) and blending it
into the CNC (Tang et al., 2013 and Shojaeiarani et al., 2018). BA and AA modify the surface of
CNC by introducing functional groups onto the surface, allowing for the conversion of surface
hydroxyls into esters via Fisher esterification (Rana et al., 2021), resulting in rough and irregular
surfaces to encourage ductile fracture of the material resulting in enhanced mechanical properties
when blended into polymers such as PLA (Young’s modulus increase from 3.33 to 4.23 GPa)
(Shojaeiarani et al., 2018). Additionally, the surface acetylation of CNC via the reaction between
the acetic anhydride and hydroxyl groups on the surface of the CNC is hypothesized to enhance

the dispersion of CNC and improve mechanical performance (Lin et al., 2011). It is hypothesized
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that the insertion of this high-engineering performance functionalized CNC into the wood will

transform softwood (SYP) into a high-performance engineering material.

1.2 Objectives

This research aimed to design a novel method to impregnate cellulose nanocrystals into
marginal-quality softwood to enhance its mechanical properties for advanced engineering and
architectural applications. The following three objectives were developed to achieve this aim:

The first objective was to optimize and validate an effective process of impregnating
wood with functionalized CNCs and determine critical variables influencing CNC impregnation
into the wood. A potential treatment hypothesized to influence CNC impregnation was a
solution-based alkali delignification technique, as delignification would increase the porosity of
wood to enhance CNC impregnation. Delignification was followed by an ultrasonication
technique where an aqueous solution of functionalized CNC will be introduced into a chamber
for even nanodispersion and impregnation into the wood. It was hypothesized that the
ultrasonication would impregnate the wood with CNCs while evenly dispersing the CNC
nanodispersion. The samples were then transferred into another vessel for vacuum pressure
impregnation to remove the air pockets and impregnate additional CNC into the porous structure
of the wood.

The second objective was to investigate the microstructural, physiological, and
compositional changes in wood impregnated with CNC. Localized surface properties were
examined using atomic force microscopy, while microstructural and morphological changes in

the modified wood were analyzed using field emission scanning electron microscopy.
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The third objective was to evaluate the physical and mechanical properties of CNC-
impregnated wood. The treated samples were conditioned and tested for their moisture
resistance, dimensional stability, internal bond, hardness, fastener strength, flexural strength, and
tensile strength properties using the ASTM D1037 standard. Moisture resistance was measured
using the linear expansion test. The dimensional stability of impregnated wood samples was
evaluated using moisture absorption and thickness swelling. Internal bond was measured using
the lap shear test. Hardness was measured using the Janka ball hardness test. Fastener strength
was tested using nail and screw withdrawal tests. Flexural properties were measured using the

flexural test.
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2 LITERATURE REVIEW

2.1 Modification of Wood and Cellulose Nanocrystals

Since the dawn of civilization, timber has been used as a structural material due to its
ubiquity and low cost. However, depending on the species, wood comes with a vast array of
properties. Hardwoods have a high stiffness and high tensile strength yet grow slowly.
Softwoods such as southern yellow pine are porous, resulting in a low MOE and MOR while
growing quickly. Due to a lack of material properties, wood is typically modified in various
ways to obtain the desired properties. Its susceptibility to moisture and its orthotropic
microstructure makes traditional timber undesirable for macrostructural applications alone
(Brandner et al. 2016). As a result, wood is modified through several methods to make the
material suitable for such applications. A promising method is impregnating wood with a highly
tunable and high-strength material known as CNC (Habibi et al., 2014). This review aims to
discuss the various methods utilized to modify wood and CNC and their advantages and

drawbacks in producing a high-performance engineering material.

2.1.1 Laminated Timber

A common method to make wood suitable for advanced engineering material applications
is through laminated timber, a technique/process of manufacturing wood in multiple layers, such
that the composite wood achieves improved strength, stability, sound insulation, appearance, or
other desirable properties from the different material(s). An example includes laminating wood
using an adhesive to bind small strips of wood together (Sotayo et al., 2020). The advantages of

this technique are increased tensile strength (parallel to grain: 226 MPa to 236 MPa perpendicular
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to grain: 3.17 MPa to 3.79 (Manik et al., 2019) and compressive strength (parallel to grain: 49 to
62 MPa, perpendicular to grain: 24 to 44 MPa (Manik et al., 2019) However, disadvantages include
a decrease in stiffness over time and dimensional instability (Balasbaneh et al., 2020). Laminated
wood is commonly arranged into two patterns: CLT or GLT. GLT consists of timber-glued layers
in the same grain-facing direction, while CLT alternates each grain-facing layer by 90°. The
advantages of GLT are increased tensile strength parallel to the grain, making it advantageous for
structural applications, while CLT provides increased strength parallel and perpendicular to the
grain, at the drawback of increased costs (Brandner et al., 2016). As a result of these wood
strengthening techniques, CLT and GLT allow for larger-scale applications of smaller wood

samples.

2.1.2 Delignification and Densification

In natural wood, lignin is an important filler and adhesive that bonds to hemicelluloses and
fibers owing to its abundant functional groups and amorphous network structure. The chemical
removal of lignin in wood can alter its structure and chemical composition, as a powerful
engineering material process. Delignification leads to more exposure of cellulose fibrils, which are
originally embedded in the lignin and hemicellulose matrixes. Additionally, the delignified wood
maintains the anisotropic, hierarchically porous structure of natural wood but with more nanopores
within the cell walls (Li et al., 2018). This increased porosity facilitates the collapse of cell walls
under high pressures (Qian et al., 2019).

There are various delignification methods, the most common being a heated alkali solution
treatment (Zhu et al., 2016). In a 2019 paper by Qian et al., Douglas fir sawdust samples were

submerged within a heated sodium hydroxide solution at different times and temperatures. The
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solid residue was removed and washed twice with vacuum filtration to maximize lignin extraction.
Another 2022 paper by Kuai et al. used a similar technique, delignifying poplar wood with and
impregnating it with sodium silicate because it is an environmentally friendly, flame retardant, and
low-cost inorganic modifier. This treatment facilitated increases in MOE, MOR, and compressive
strength by 5, 2.4, and 27.2 times, respectively, when combined with densification. However, this
treatment's drawbacks are that the delignified wood was damaged or broken into pieces in the
bleaching solutions, resulting in diminished mechanical properties (Li et al., 2019). As a result,
another common method to delignify wood is through steaming (Li et al., 2019). In this paper,
basswood was steamed in hydrogen peroxide, which resulted in a 97% extraction in lignin while
retaining over 90% cellulose. However, the drawback of this method is the presence of microcracks
in the wood sample, thus making the wood susceptible to crack propagation.

From delignification, other combined wood treatments allow changes regarding desired
engineering properties to be easily achieved (Spear et al., 2021). Many of these combined
modification methods achieve stunning additional functionality in the wood, e.g., tensile strength,
compressive strength (Wang et al., 2018), photoluminescence, electrical conductivity, sensors,
transparency, etc. (Spear et al., 2021). However, this comes at the cost of the original material
properties that the lignin provides (Karimi et al., 2006).

Heat treatment is a common method to add to delignification and densification (Song et
al., 2018). This treatment is a heat pre-treatment prior to delignification and densification. This
method effectively reduced the thickness of the wood by 80%. Additionally, a more than tenfold
increase in strength, toughness, and ballistic resistance was observed. Those increases in

mechanical properties, compared to past studies, were a massive improvement to prior research
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where only the heat treatment was used, which led to increased resistance to rot (Esteves et al.,
2009) but a 50% decrease in hemicellulose content, which leads to a similar decrease in bending
strength. The decrease likely occurred due to a lack of total collapse within the cell walls, which

was solved by Song et al. by adding delignification.

2.1.3 Wood Impregnation

Impregnation is a process in which chemical substances are introduced into the wood to
improve its characteristics and impart new properties; the process allows the wood to obtain
desirable properties from the filler material while retaining its original form. Common ways to
impregnate wood include the full-cell, half-cell, and empty-cell treatments. The full-cell method
induces an initial vacuum to remove air pockets in the wood and the cylinder, followed by a
pressure treatment of the wood to fill the full wood cell with a desired chemical until desired
chemical retention is obtained. This process yields maximum chemical retention (Laks et al.,
2008). For water-based chemicals, the half-cell, or the modified full-cell technique, is used, which
uses the same process as the full-cell technique, but with a reduced initial vacuum level (Walker
et al., 2006). This is commonly done for water-based preservatives and yields lower solution
uptake. The empty-cell method uses compressed air to drive out a portion of the preservative
absorbed during the pressure period (Sandberg et al., 2017). This method obtains deep preservative
penetration with a low net preservative retention level (Laks et al., 2008). This modification
technique can also be enhanced using delignification, as with increased porosity, increased
amounts of nanofiller can be inserted into the wood. Previous studies have shown that
delignification combined with full cell impregnation on Birchwood has found delignification

combined with an ionic liquid treatment led to improved mechanical performance (Tensile strength
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increase from 70 to 375 MPa and Shore D Hardness from 53 to 82) (Khakalo et al., 2020).
Additionally, it was found that empty-cell treated and nano-aluminum-oxide-impregnated poplar
wood increased elastic moduli from 0.6 to 1.4 GPa (Taghiyari et al., 2017). Common tools used
for impregnation include vacuum pumps to induce vacuum, as well as air hoses to induce air
pressure (Khakalo et al., 2020). Autoclaves are also used if pressure and heat treatment are desired
(Laks et al., 2008).

Common chemicals to impregnate wood include acids such as aluminum chloride to reduce
the surface energy required for heat treatment (Wang et al., 2022) or various fungicides such as
creosote, zinc borate of copper azole to increase the wood’s resistance to rot from fungi (Laks et
al., 2008). Other common chemicals, such as nano-aluminum-oxide or wood bark, are typically
materials with superior mechanical properties relative to the host polymer. Advantages of this
method include increased bonding strength for a wood bark nanofiller (10-60 % depending on the
wood species (Widyorini et al., 2020)) and increased durability (measured in increment of
resistance %) of wood (susunek) by approximately 100% (Farah et al., 2021) for nano-aluminum-
oxide. However, adding inorganic metal-oxide nanofillers results in the loss of gloss, transparency,
and flexibility (Marathe et al., 2008).

Nanofillers can enter wood either through solution blending or in situ. Solution blending is the
addition of a polymer (and other present compounds) in a suitable solvent and applying high shear
forces for dispersion (Nikolic et al. 2015). It is also possible to pre-disperse nanomaterials in a
solvent and transfer this dispersion to the polymer (Nikolic et al. 2015). In-situ addition is often
beneficial as smaller molecules can easily diffuse between nanoparticles and ease nanoparticle

separation (Nikolic et al. 2015). This method is especially convenient for coatings, industrial
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indoor lacquers for furniture, and parquets. These coatings allow high production speed, low VOC
(volatile organic compound) content, and good mechanical and chemical resistance due to the high
network density that can be formed (Marathe et al., 2008).

Ultrasonifiers are also common tools used for impregnation due to their high dispersing forces
as they convert mechanical or electrical energy into high-frequency acoustical energy (Nikolic et
al., 2015). High intensity ultrasonication waves produce a strong mechanical oscillating power
through the formation, expansion, and implosion of microscopic gas bubbles when the molecules
in a liquid absorb the ultrasonication energy. The breakage of aggregates is controlled by the
energy input influenced by power, time, and dispersion volume. (Shams et al., 2005). However,
there are some instances in which high shear forces are not adequate to disperse nanoparticles in a
polymer matrix completely, and proper dispersion remains a significant hurdle for the wider use
of nanoparticles; indeed, most of the nanocomposites reported still retain some level of micron-

sized clusters (Schaefer et al., 2007).

2.1.4 Cellulose Nanocrystals (CNC)

A nanofiller that is used to strengthen polymers is CNC. CNC is prepared by hydrolyzing
and removing the amorphous domains of cellulose using highly concentrated acids in a process
called acid hydrolysis (Moon et al., 2011). The dimensions and crystallinity of the CNC depend
on the conditions of extraction and the source of cellulose, with crystallinity increasing alongside
the cellulosic purity of the material (Moon et al., 2011). During acid hydrolysis, the nature of the
acid used is extremely important because it affects the dispersion property. For example, if
hydrochloric or hydrobromic acid is used, the dispersion is extremely limited, resulting in the

aqueous suspensions tending to flocculate. However, in the case of sulfuric and phosphoric acids,
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the hydroxyl groups of cellulose surface yield sulfate or phosphate esters, which improve the
dispersion of CNC in water (Habibi et al., 2010).

CNCs have been used over the past two decades to strengthen natural and synthetic
polymers (Younas et al., 2019). Examples include gelatin hydrogels reinforced by CNC (Ooi et
al., 2016), PVA-CNC as a tissue engineering scaffold, and natural rubber-CNC (Neto et al.,
2016), and CNC-reinforced PLA (Shojaeiarani et al., 2018) to name a few. That is because
CNCs are a high-strength material with a tensile strength of 7 GPa, elastic moduli of 150 GPa,
and a high crystallinity of 54-88% (Habibi et al., 2014). CNCs also have tunable surface
chemistry, allowing for the introduction of surface charges and functional groups onto the
surface of the CNC to confer new engineering properties (Moon et al., 2011). These properties
allow CNCs to be used as reinforcement to develop sustainable, flexible, and superior-
performance engineering materials. However, a major drawback of CNCs is their hydrophilic
nature, which hinders their direct dispersion in nonpolar hydrophobic polymeric matrixes
(Paskdel et al., 2021). On the other hand, this effect can be mitigated using surface

functionalization (Mekonnen et al., 2021).

2.1.5 Surface Functionalization of Cellulose Nanocrystals.

CNC has a strong potential as a surface-functionalized nanofiller due to its vast
abundance of -OH groups (Lamouroux et al., 2016). A common technique used to functionalize
CNCs is chemical-aided esterification due to its simplicity (Lamouroux et al., 2016).
Esterification is a chemical reaction in which two reactants (typically an alcohol and an acid)
form an ester as the reaction product. With CNC, the —OH groups serve as the alcohol, and an

acid, such as acetic acid (Tang et al., 2013) or benzoic acid (Shojaeiarani et al., 2018), serves as
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the second reactant. With these reagents, the mechanical properties such as crystallinity (from
64% to 80-83%) with acetic acid (Tang et al., 2013) and Young’s modulus by 20% with benzoic
acid (Shojaeiarani et al., 2018) of CNC are enhanced. The main drawbacks of the chemical-aided
dispersion techniques are the use of toxic and sometimes expensive chemicals, longer reaction
time, critical control of reaction conditions, and disposal of chemicals (Chanda et al., 2021).

Another method to functionalize CNC is through polymer grafting. This method is
incredibly attractive due to the large-scale availability and variety of functional polymers (Zhang
et al., 2021). The polymer grafting method uses functional polymer brushes to either “grafting
onto” or “grafting from” the CNC. “Grafting onto” is when pre-synthesized polymer chains are
attached to reactive groups onto the surface hydroxyl groups of cellulose, while the “grafting
from” approach uses ring-opening polymerization to grow polymer brushes nano celluloses
using the surface hydroxyl groups as initiating sites (Islam et al., 2013) A major advantage of
“grafting onto” include steady control as the molecular weight of the attached characterized
before grafting (Missoum et al., 2013). However, a disadvantage to the “grafting onto” approach
is that high grafting densities are unattainable due to the steric hindrance of the polymer chains.
“Grafting from” is the process of mixing the cellulosic nanoparticles or the activated cellulosic
nanoparticles with a monomer and an initiator agent to induce monomer polymerization from the
nanoparticle surface (Missoum et al., 2013). An example of this strategy being used is when
Hydroxyazetidinium salts were used to surface-modify CNC to delay the thermal degradation of
CNC (Forsgren et al., 2018). The study found that these salts could not improve the thermal

stability of CNC due to the alkaline nature of the salt while improving the elastic modulus by a
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factor of three. However, the suggested drawback of using this salt is the alkaline nature of the
dispersions resulting in the degrafting of functional groups (Forsgren et al., 2018).

Another polymer grafting strategy used is the “grafting from” strategy. This strategy has
proven to be a remarkably effective way to create high grafting densities on the surface due to
the lower viscosity of the medium and the limitation of steric hindrance (Littunen et al., 2011).
However, a major drawback to this approach is that it is difficult to control and determine the
precise molecular weight of the grafted polymer, which is usually limited to a low degree of
polymerization (Littunen et al., 2011). An example is in a 2008 paper by Habibi et al., which
used this approach to create PCL-grafted ramie CNC, which resulted in a 110% increase in
Young’s modulus compared to when the CNC was not grafted (Habibi et al., 2008).

Silanization can also functionalize CNC by using a silane to graft onto the CNC. Silane
functionalization of CNC is an attractive process due to silane’s: large-scale availability, cost-
effectiveness, variety of functional moieties, ease of the reaction chemistry, and because it is a
mild aqueous reaction medium (Mekonnen et al., 2021). An example 2021 study by Mekonnen
et al., silanization was grafted onto CNC to increase corrosion resistance within polyurethane via
an aqueous medium consisting of CNC and silane. The study found that silane increased the
thermostability of the CNC (peak degradation at 460 °C rather than 312 °C) as well as reduced
corrosion resistance and water absorption (3% for an untreated CNC polyurethane composite
compared to 2% for a silanated CNC polyurethane composite). This method was also used as a
polymer reinforcement for PLA (Chanda et al., 2018), which led to enhanced thermal stability
(peak degradation at 310 °C rather than 270 °C) but decreased crystallinity (61.7% down to

55.1%).
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A relatively newer functionalization technique is plasma-induced surface modification
(Chanda et al.,2021). Plasma-induced surface modification is when a nanometric layer is
deposited on the surface of nanoparticles, which then tunes the surface chemistry of the CNC
(Taschuk et al., 2010). Plasma is typically dispersed through a gas reactor (Chanda et al., 2021).
This treatment has applications in developing cellulose films (Bhanthumnavin et al., 2016) and
sheets (Couturaud et al., 2015). Results include a study where ABS-CNC was plasma treated via
an ethylene reactor, resulting in a 60% increased impact strength compared to the non-
functionalized CNC (Alanis et al., 2019). Another 2020 study by Matouk et al. used various
Argon-based gases in a plasma reactor to functionalize CNC films. This functionalization
technique decreased the hydrophilicity of CNC and slightly increased the crystallinity of Ar/CHa
gas (Matouk et al., 2020). The drawbacks of this treatment process are that the plasma treatment
of cellulose powders or fibers is difficult due to suction, spreading, or limited contact (Matouk et
al., 2020). All these functionalization techniques aid in the dispersion of CNCs in the

hydrophobic polymer matrices.



18

3 MATERIALS AND METHODOLOGY

3.1 Materials

SYP was studied due to its low-cost, lightweight construction applications, and its limitations
due to variability (Briggs et al. 2010). Commercial SYP boards (6.35 mm thickness x 35 mm
width) were sourced commercially from a local wood products store. Sodium hydroxide (NaOH
formula weight = 40.00 g/mol) purchased from Fisher Chemical (Fair Lawn, NJ) was used as a
delignification agent. CNC with dimensions of 10-15 nm in width and 80-100 nm in length and
aspect ratios of 5-10 was provided by the USDA (US Department of Agriculture) Forest
Products Laboratory (Madison, WI, USA). These CNCs were extracted from softwood pulp via
sulfuric acid hydrolysis and desulfated using hydrothermal treatment. Glacial AA (molecular
weight 60.05 g/mol) obtained from Fisher Chemical (Fair lawn, NJ) and BA pellets (formula
weight = 122.12 g/mol) obtained from Carolina Biological Supply Company (Burlington, NC)
were used as grafting agents. Deionized water bought from Millipore (Burlington, MA) acted as

the solvent.

3.2 Preparation of Samples

3.2.1 Specimen Preparation

Specimens of SYP were cut into strips of 6.35 mm thickness x 180 mm length x 17.50
mm width using a bandsaw, as displayed in Figure 1. All resulting dimensions were measured
using a caliper and rounded to the nearest hundredth. Specimens were oriented treatment code

face up, down, and sideways to measure length to ensure dimensional consistency. Thickness
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and width were measured at five different points: two points were at the ends, two were 25 mm

away from the ends, and one was 51 mm from the left.

Figure 1. Southern Yellow Pine Wood Specimen

Figure 2 displays the resulting sample for the hardness, screw withdrawal, and nail
withdrawal tests. 4 SYP strips cut length parallel to the grain of 180 x 17.50 x 6.35 mm were
prepared and treated. The strips were stacked, one atop another, adhered using Gorilla super
glue, and clamped together overnight, resulting in a thickness of 25 mm. A point was marked
lengthwise every 25 mm, with the third point marked with an X to indicate the left end of the

sample.

Figure 2. Southern Yellow Pine Wood Specimen for: Hardness, Screw Withdrawal, and Nail
Withdrawal Tests

FE-SEM samples were prepared using a slice of wood cut perpendicular to the grain
towards the center of an SYP strip sample and then cut into thin slices using a miter saw and box.

These samples were polished at 4000 grit and mounted onto a commercially purchased epoxy
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resin. Samples were of 5 mm thickness x 3 mm length x 3 mm width, so multiple samples could

be mounted for FE-SEM imaging.

Figure 3. Southern Yellow Pine Wood Specimen for: Field Emission Scanning Electron
Microscopy

AFM samples were prepared using a slice of wood cut perpendicular to the grain towards
the center of an SYP strip sample and then cut into thin slices using a box cutter. The sample
sizes were 0.5 mm thickness x 3 mm length x 4 mm width so that multiple samples could be

mounted for analysis.

Figure 4. Southern Yellow Pine Wood Specimen for: Atomic Force Microscopy

3.2.2 Treatment Classification

To simplify the treatment and formulations used, they were recorded as abbreviations.

Preceding numbers indicate a percent solute. The numbers were followed by letters representing
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different treatments: CL is for control, N is for a % weight NaOH delignification treatment, CNC
represents % weight CNC impregnation treatment, AA is the % volume added into a
nanosuspension, and BA is the % weight added into a nanosuspension. VP is simply vacuum

pressure treated, without CNC. These treatments are summarized in Table 2.

Table 2: Treatment Nomenclature

Treatment Factor Levels and Description
CL Control/Untreated
N % Concentration of Sodium Hydroxide
Two levels: 0 wt.%, 3 wt.%
CNC % Concentration of cellulose nanocrystals
Two levels: 0 wt.%, 1 wt.%, 2 wt.%, 5 wt.%
BA % Concentration of benzoic acid nanosuspension
Two levels: 0 wt.%, 2 wt.%
AA % Concentration acetic acid nanosuspension
Two levels: 0 vol.%, 2 vol.%
VP Vacuum Pressure Treated (No CNC)

Formulation Example: 3N2AA2CNC — 3% NaOH, 2% acetic acid, and 2% CNC treated.

3.2.3 Nanosuspensions of Cellulose Nanocrystals

CNC nanosuspensions were developed to identify optimal surface modification agents.
To create a nanofiller with highly desirable mechanical properties, surface grafting of CNCs
using BA and AA was done using procedures reported in the literature (Shojaeiarani et al.,
2018). BA pellets were pulverized via mortar and pestle and poured into a 300 ml solvent of DI
water at 2 wt.%. BA solution was stirred at 600 rpm and melted at 140 °C for 4 hours onto a stir
plate to enhance solubility throughout the solvent. BA solution was cooled for 45 minutes to
prevent the melting of CNC. CNC chunks were pulverized and added to the BA. The CNCs were
stirred overnight at concentrations of 1, 2, and 5 wt.%. For AA, glacial AA was poured into a

300 ml solvent of DI water at 2 vol.%. The AA was stirred at 600 rpm for 5 minutes due to its
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high solubility. Chunks of CNCs were pulverized and added to the AA at 1, 2, and 5 wt.%

concentrations, and stirred overnight.
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Figure 5. CNC Nanosuspensions (a) 2CNC (b) 2CNC2BA (c) 2AA2CNC

3.2.4 Delignification

Delignification was conducted using procedures as reported in the literature (Qian et al.,
2019) and optimized for SYP to facilitate lignin removal and the collapse of cell walls during
vacuum pressure treatment. A 300 ml, 3 wt.% sodium hydroxide (NaOH) solution was stirred at
600 rpm in a low-density polyethylene container and heated to 80 °C on a hotplate. Ten strips of
SYP were immersed using glass beakers. The SYP was immersed for 2.5 hours and removed for
drying (Figure 6). The wood was dried on an oven rack at 70 °C overnight prior to additional

testing or treatment.

Figure 6. Delignification of Southern Yellow Pine Wood
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3.2.5 Ultrasonication

Dried SYP strips were placed into a thermos and separated using a polylactic acid (PLA)
disk with ten slots in Figure 7a. The (BA or AA) grafted CNC was poured into the thermos and
rested for 15 minutes, as displayed in Figure 7b. In Figure 7c, the SYP strips were then
ultrasonicated for 25 minutes at 18 kHz in a Hielscher UIP1000hdT ultrasonicator (Berlin,
Germany) to ensure even dispersion of the CNC nanosuspension and minor impregnation
throughout the SYP samples (Kargarzadeh et al., 2017). Upon ultrasonication, the samples

remained in the thermos for additional treatment.
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Figure 7. Ultrasonication Process: (a) Sample Loading (b) Nanosuspension Loading
(c) Ultrasonicator Insertion

3.2.6 Vacuum Pressure Impregnation

Ultrasonicated SYP strips encased within a thermos were inserted into the vacuum pressure
vessel shown in Figure 8. The vessel was designed to hold an 80 kPa vacuum and an 800 kPa
pressure to impregnate the surface-grafted CNC solution into the samples. The vacuum was

applied using a Rocker 410 vacuum pump in Figure 8a and pressurized using an 800 kPa air hose
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attached to the laboratory building in Figure 8b. The vacuum pressure vessel was a 102-mm

diameter steel pipe nipple and two iron caps sealed using plumbing tape.

Figure 8. Vacuum Pressure Vessel Setup: (a) Vacuum Treatment Setup (b) Pressure Treatment
Setup (c) Top view of Vacuum Pressure Vessel

3.3 Characterization

3.3.1 Field Emission Scanning Electron Microscopy

A method commonly used to characterize wood is FE-SEM, an advanced technology used to
capture the microstructure image of the materials. FE-SEM provides topographical and elemental
information at magnifications of 10x to 300,000x, with virtually unlimited depth of field. FE-SEM
produces clear images with spatial resolution down to 1.5 nanometers. In this study, FE-SEM was
used to analyze the cell walls of the material. However, the disadvantages of FE-SEM are that it
only produces surface images (Reza et al., 2015) and chemical composition (Abraham et al., 2020)
in specific modes. However, this method cannot assess surface-level mechanical properties, which

may pose problems with materials containing similar morphologies, such as wood and CNC.

3.3.2 Atomic Force Microscopy

Atomic force microscopy was used to address the lack of surface mechanical property

assessment on a localized scale. AFM is a scanning probe microscopy technique wherein a probe
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tip is ‘rastered’ over the sample surface. This vertical tip motion is measured via laser beam
reflection from the top surface of the probe into a photodetector. AFM produces topographical
images with high x-y resolution (tens of nm) and ultrahigh z-resolution (<0.1 nm). The z-
resolution is several orders of magnitude greater than resolutions achievable through diffraction-
limited optical microscopy. So far, AFM has been effectively used to visualize plant cell wall
layers (i.e., their architecture, arrangement, orientation, and the size of their cellulose microfibrils)
(Zimmerman et al., 2006). Disadvantages of AFM include the need for extremely smooth samples
to accurately map out the sample's topography and the fragility of the AFM cantilever tips,
resulting in tip replacement costs.

This study used AFM to provide details of SYP topography and detect CNCs within a
localized area (1 um x 1um) and of a CNC-treated SYP sample through various methods. A
Cypher S (asylum research) AFM was used with Bruker RTESPA-525 probes (spring constant:
200 N/m, resonance frequency: 525 kHz). Surface topography was mapped using tapping mode,
where the AFM cantilever oscillates at or close to its resonance frequency near the sample's
surface. Modulus maps were collected using the fast force mapping mode of the instrument,
which rapidly collects ~300 force-displacement curves per second as the probe rasters back and
forth across the desired sampling area. To extract a material modulus value from each force-
displacement curve, each pixel was fit with a Hertzian contact mechanics model. The Hertzian
contact mechanics model simulates a sphere rolling onto a flat surface, as shown in equation 1.
Modulus maps of 1 pm? with a pixel size of 256 allowed a pixel resolution of 3.9 nm (I pm +

256 = 0.0039 um, or 3.9 nm). Modulus maps were generated using the Hertzian contact model,
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assuming a sphere is rolling onto a flat surface. The calculation for the Hertzian contact model is

as follows:

__ 2Etan(a)
T m(1-v2)62

(Equation 1)

The Hertzian model gives the force F as a function of the indentation (), Young’s

modulus (E), a is the tip opening angle (35°), and v the Poisson ratio (arbitrarily assumed to be

0.5).

3.3.3 Fourier-Transform Infrared Spectroscopy (FTIR)

Fourier-transform infrared spectroscopy (FTIR) is a technique used to obtain an infrared
spectrum of absorption or emission of a solid, liquid, or gas. In this study, FTIR was used to
analyze the chemical composition of the SYP impregnated with functionalized-CNC using a
Thermo-Scientific FTIR/ATR spectrometer, model Nicolet iS50 (ThermoFisher Scientific,
Madison, W1). The motivation for using FTIR is to determine and compare the chemical
composition of f-CNC treated and untreated SYP and see the resulting chemical changes in the
functional groups due to hydrogen bonding resulting from CNC and f-CNC when impregnated
into wood. The spectra resulted from 32 times averaged scans at five different points across the

sample and were acquired at a resolution of 4 cm™ from 400 to 4000 cm ™.

3.4 Design of Experiment

All treatments consisted of combinations of individual treatments described in Table 2.
Due to the multi-step treatment process full factorial design was implemented for the treatment
of SYP to test four-factor effects: the effect of delignification, the effect of CNC impregnation at

different concentrations, the effect of BA functionalization of CNC, and the effect of AA
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functionalization of CNC. The experimental design started with 32 different flexural test
treatments, as shown in Table 3, using a modified full factorial design test. The flexural test
determining MOR and MOE are strong indicators of engineering performance in a sample. Due
to the redundancies in the treatment combinations that went beyond the scope of this experiment,
that number of treatments was reduced to a net total of 24 treatments for the flexural test.
Concentrations were limited for certain treatments, such as acid suspension and delignification
treatment, as they were used to understand the effect of each treatment, such as delignification
and AA/BA surface functionalization of CNCs. Upon testing these treatments, the top 6
treatments obtained from the MOR and MOE results were selected for further physical and

mechanical properties testing described in Section 3.5.5.

Table 3: Treatment Summary with Linear Combination Factors

Treatment Factor Levels
Sodium Hydroxide (N) 0,3
Cellulose Nanocrystals (CNC) 0,1,2,5
Acetic Acid (AA) 0,2
Benzoic Acid (BA) 0,2
Unique Formulation Total 2X4x2%x2=32

Combined BA/AA Removal 8

Unique Formulation Net Total: |[2x4x2x2-8=24

3.5 Physical and Mechanical Properties Tests

3.5.1 Density
To evaluate the impregnation rate of SYP via CNCs, the relative change in density (Ap)

was measured as displayed in Equation 2. This test aims to determine the effects of vacuum

pressure treatment CNC impregnation on the density of the material; thus, a gain of density
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comparison was conducted before and after vacuum-pressure treatment. Five 6.35 mm thick x 180
mm length x 17.5 mm width strips pre-vacuum pressure treated (i.e., delignified or untreated) strips
were dried at 70 °C for 24 hours and weighed and measured. Density was then measured following
the treatment. The samples were then vacuum pressure treated. The resulting samples were at 70

°C for 24 hours and weighed. The calculation for the change in density was calculated as follows:
Ap = % *100% (Equation 2)
t

where Ap is there percent change in density, po is the density of the wood before treatment, and pt

is the density of the SYP after treatment.

3.5.2 Water Absorption Test

To determine the liquid absorptiveness and resilience properties of SYP, water absorption
tests were conducted. ASTM D1037 standards were followed accordingly for the fixture and
calculations (American Society for Tests and Materials, 2018). Five SYP strips of 6.35 mm
thickness x 180 mm length x 17.50 mm width were prepared and treated. The mass of each wood
strip was measured. Then, the wood strips were submerged in 25 mm of water for 24 hours in a
polypropylene container. Samples were held down with aluminum wire and glass beakers, as
shown in Figure 9a. The samples were left to dry for 10 minutes, and their resulting masses were

measured in Figure 9b. The moisture absorption was calculated in the following equation:

WA % = 100-% (Equation 3)

d

Here WA% is the water absorption, mw is the mass of the sample when wet, and mq is the mass

of the sample when dry.
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Figure 9. Thickness Swelling and Water Absorption Test Setup (a) Soaking (b) Drying

3.5.3 Thickness Swelling Test

To measure the hygroscopic properties of SYP, thickness swelling tests were conducted.
ASTM D1037 standards were followed accordingly for the fixture and calculations (American
Society for Tests and Materials, 2018). The same strips and submersion procedure were used
from section 3.5.2, with the only difference being the thickness measurement aspect before and

after submersion. The moisture absorption was calculated using the following equation:
T, % = 100 twt;td (Equation 4)
d
where Ts % stands for the thickness percentage difference of the sample, tw represents the

thickness of the sample after being submerged for 24 hours and dried for 10 minutes, and tq

represents the initial thickness of the sample when dry.

3.5.4 Linear Expansion Test

Linear expansion tests were conducted to measure SYP's dimensional stability in
atmospheric humidity. ASTM D1037 standards were followed accordingly for the fixture and
calculations (American Society for Tests and Materials, 2018). Five 6.35 mm thick x 180 mm
length x 17.50 mm width strips of SYP were prepared and treated. These samples were inserted

into an ESPEC EPL-4H Temperature Humidity Chamber (Hudsonville, M1). In Figure 10, the
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samples were placed onto a 4-tier oven rack and spread out with at least 6 mm space between
each sample. The length of each wood strip was measured at 50% humidity at 20 °C for 24 hours
and then at 90% humidity for 24 hours, and their lengths were compared. The percentage

difference was calculated using the following equation:

L, = 100 - ke=tso (Equation 5)

Lgg

where L. is linear expansion, Lgo is the mass of the SYP sample at 90% humidity, and Lsg is the

mass of the SYP sample at 50% humidity.

3.5.5 Flexural Test

Flexural tests were conducted to determine the strength and stiffness of SYP samples. ASTM
D1037 standards were followed accordingly for fixtures and calculations (American Society for
Tests and Materials, 2018). For each treatment, ten 6.35 mm thickness, 180 mm length, and 17.5
mm width strips were randomly selected from a stockpile of samples and treated to minimize
variation. The SYP was placed onto an adjustable span with rollers (gap distance: 127 mm) until
the center length of the sample met the anvil. A Mark-10 universal testing machine (Copiague,

NY) with a 500 N load cell applied a downward force at a 3 mm/min rate until the samples
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fractured, as shown in Figure 11. The fractured sample is displayed in Figure 12. After testing,

MOE and MOR were calculated using the following equations:

= 4::1% (Equation 6a)
R = 23:;2 (Equation 6b)

where E represents the modulus of elasticity, R represents the modulus of Rupture, L represents
the length of the sample, P represents the peak load of the load-deflection curve, AP/Ay is the
slope of the straight-line portion of the linear regression load-deflection curve at 30 % of the

peak load, b is the breadth/width of the sample, and d is the depth/thickness of the sample.

Mark 10 Force Gauge

Anvil
Sample

Adjustable Span Fixture

Figure 11. Flexural Test Setup

Figure 12. Flexural Tested Samle
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3.5.6 Hardness Test

To measure the resistance of localized plastic deformation of a wood sample, hardness
testing was conducted. ASTM D1037 standards were followed accordingly for the fixture and
calculations (American Society for Tests and Materials, 2018). Samples were prepared, as shown
in Figure 2. The samples were placed onto the Instron MTS fixture in Figure 13, modified for the
Janka ball hardness test. Penetrations of the sample were made starting at the left end, at distance
intervals of 51 mm, so that one penetration would not affect the other. Three penetrations were

made for each treatment. The load at 5.6 mm penetration was recorded as the hardness.

Penetrated samples are displayed in Figure 14.

Janka Ball
Sample

Fixture Platform

1L STl

Figure 14. Hardness Tested Sample

3.5.7 Lap Shear Test

To evaluate the adhesive bonding strength of an SYP sample against shear forces, lap shear

testing was conducted. ASTM D2339 standards were followed accordingly for the fixture and
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calculations (American Society for Tests and Materials, 2018). Five SYP strips were cut into
shorter 6.35 mm thick x 76 mm length x 17.50 mm width strips. These shorter strips were glued
together from a single sample across a 25 mm length and 17.50 mm width using a Rehau 1B hot
melt adhesive (Leesburg, VA) and clamped together on the center of the sample overnight. The
sample was spread such that an even thickness of adhesive was distributed across the contact

area between the two SYP strips. The resulting samples are displayed in Figures 15a and 15b.

(a)

e R s S——

Figure 15. Lap Shear Test Sample (a) Side View and (b) Top View

The samples were then placed onto an Instron MTS equipped with a 30 kN tensile testing
apparatus. These samples were set parallel to one another by a thin (3 mm thick) SYP
sample, as displayed in Figure 16. The samples were then separated from one another at a
rate of 1 mm/min as opposed to using the load control as suggested in the standard. The
sample was tested until adhesive failure, where the maximum load was recorded such that the
lap shear strength of the SYP could be calculated. The apparatus and loaded sample are

displayed in Figure 16, while the tested sample is shown in Figure 17.
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Upper Tensile Jaw

Sample Area Adhered
with Hot Melt Adhesive

Lower Tensile Jaw

Figure 16. Lap Shear Test Setupﬂ

Lap shear was then calculated using the following equation:

— Fshear .
T= = (Equation 7)

where 7 is the shear strength (in MPa), Fshear IS the shear force required to separate the samples
(in N), w is the width of the sample (in mm), and a is the length of the glued pieces when

bonded together (in mm).

AT o AT

Figure 17. Lap Shear Tested Sémple

3.5.8 Screw Withdrawal Test

To evaluate the various loads and ways in which screws fail under tension, the screw

withdrawal test was conducted. ASTM D1037 standards were followed accordingly for the
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fixture and calculations (American Society for Tests and Materials, 2018). Samples were
prepared and marked following the same protocol as Figure 2, Section 3.2.1 (25 mm thick x 180
mm length x 17.50 mm width). A 3.2 mm diameter lead hole was drilled, followed by the
drilling of the screw using a Phillips head screwdriver to prevent the stripping of the screws. A
commercially purchased 16 threads-per-inch type AB wood screw with a root diameter of 3.5
mm was used for each test. This screw was aligned with two steel washers attached underneath
the head, as shown in Figure 18. Screws were fastened starting at the left end of the sample at
distance intervals of 51 mm so that one penetration would not affect the other at three different
points of the sample. The screws were then withdrawn at a rate of 1.5 mm/min until the screw

was removed. The peak force required to remove the screw was recorded. A resulting sample

from the test is displayed in Figure 19.

Washer

—  Screw

— SYP

Aluminized
Steel Fixture

Figure 19. Screw Withdrawal Tested Sample
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3.5.9 Nail Withdrawal Test

To evaluate the ability of a wood sample to withdraw nails via tension, nail withdrawal
testing was conducted. ASTM D1037 standards were followed accordingly for the fixture and
calculations (American Society for Tests and Materials, 2018). Samples were prepared and
marked as described in Figure 2, Section 3.2.1 (25 mm thick x 180 mm length x 17.50 mm
width). A 6d nail with a 2.87 mm shank diameter and a 51 mm length was hammered 6.35 mm
(the thickness of the specimen as manufactured) into the sample with a steel washer underneath
the head. The sample was rested for 24 hours allowing for the wood to settle. The nail was then
placed into a 30 kN Instron MTS force gauge at a rate of 1.5 mm/min, shown in Figure 20. The
peak force to fully withdraw the nail and fracture mode was recorded. A nail withdrawal tested
sample is displayed in Figure 21. Nails were driven starting at the left end of the sample at
distance intervals of 51 mm so that one penetration would not affect the other. This process was

repeated at three points in the sample.

SYP

Aluminized
Steel Fixture

|

Figure 20. Nail Withdrawal Test'Setup
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Figure 21. Nail Withdrawal Tested Sample

3.6 Statistical Analysis

Statistical analysis was conducted to discern patterns and trends in the data and remove
potential biases from the evaluated data using numerical analysis. Minitab was the software used
for statistical analysis in all tests and treatments. Simple statistical analysis and several Analysis
of Variance (ANOVA) models were generated for the data to obtain objective results on each
variable's effect on the response values considered to evaluate the hypotheses of the tests
described in Chapter 3.

Simple statistical analysis calculations were conducted for standard deviation (SD) and
coefficient of variation (CV). SD is a measure of the dispersion of data from the mean, with
greater SD indicating greater spread in the data, which can be used to estimate the overall

variation of a process. The calculation is displayed in the following equation:

o= /Z(XT_X)Z (Equation 8)

where the symbol o (sigma) is often used to represent the standard deviation of a population, x is
the sample mean average, x is the collected sample value, and N is the sample size.

(Montgomery et al., 2013).
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The coefficient of variation (CV) is a standardized measure of the dispersion of a
probability distribution or frequency distribution. CV was obtained to measure the variation of
the data universally. It is expressed as a percentage, calculated automatically through Minitab,
and this value was calculated using the following equation:

CV =-%x100 (Equation 9)

x| Q

where CV represents the coefficient of variation, o the standard deviation, and X the sample

mean average.

3.6.1 Analysis of Variance

Analysis of variance (ANOVA) is a statistical model that can estimate experimental errors
and the effect of changing variables within a design on a single response value for a specified
confidence level. In this study, a multiple-factor ANOVA was conducted for all tests, and
response data were in a separate column for each factor level to determine the statistical
differences of each treatment. Equal variances were assumed at a 95% confidence interval.

The calculations of ANOVA comprise of computing several means and variances, dividing
the two variances, and comparing the ratio to a handbook value to determine statistical
significance. ANOVA estimates 3 sample variances: a total variance based on all the observed
deviations from the grand mean, an error variance based on all the observed deviations from their
appropriate treatment means, and a treatment variance. ANOVA models can be broken down
into several estimated effect factors; main effects, interaction effects, and error effects, all of
which are used to estimate how much of the provided variables account for the variability of the
responses. Main effects estimate the amount of response change that is due solely to the level of

a single variable changing, interaction effects account for the effect of the response from a
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combination of changes in variable levels, and the error effect accounts for the randomness of the
provided response values and also accounts for a possible lack of relevant variables that are
included within the model.

Another critical value displayed in the ANOVA tables is the adjusted (or total) sum of
squares (SSa). The adjusted sum of squares is a measure that determines whether or not there is a
statistically significant difference between the group means. SSa is calculated via the treatment
sum of squares (SSr) and the error sum of squares (SSg) in the following equation:

SSy = SSg+SSg =NX(X; — X)* + N X(X;; — X))* (Equation 10)
where N represents the samples size, X;jis the observed value of group j, Xijj is the ith observation
in group j, X is the overall mean, and )?j is the mean of group j. The adjusted mean squares
(MSa) represent an estimate of the population variance. They are calculated by dividing the

adjusted sum of squares by the degrees of freedom, as shown in the equation below:

MS, = 24 (Equation 11)

where MSa is the adjusted mean square, SSa is the adjusted sum of squares, and N is the sample
size. The F statistic can be found to compare the factors of total deviation, and the F-test
comparison to the F-distribution can be performed. The F statistic can be found by using the

following equation:

F = variance between treatments — MSy (Equation 12)

variance within treatments MSEg

where F is the F statistic, M St represents the mean square for the pertinent factor T, and MSk

represents the mean squared error value. MSg is calculated using the following equation:

MSg = %Z(Yi -Y)? (Equation 13)
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where Yi is the vector of observed values, and Y; is the vector of predicted values. The F statistic
is such that if the F value is greater than a characteristic F value based on the desired confidence
level and degrees of freedom (df, calculated as the number of responses(n) -1) in the considered
treatment group, there is a statistically significant difference between data sets. For the
application in ANOVA, an F statistic for a specific factor greater than the characteristic F value
means the factor has a statistically significant effect on the variation observed within the
response values.

It should be noted that an equivalent p statistic in place of the F statistic when creating
ANOVA tables is used in various statistical software packages. The p statistic is the probability
of obtaining a test statistic that will take on a value at least as extreme as the observed value. The
p-statistic is significant when the null hypothesis, the claim that no relationship exists between
two data sets or variables being analyzed, is true. This value is based on the confidence interval,
commonly 95%, and is the confidence interval in this thesis. The only difference with this
statistic is that if a calculated p statistic for a certain factor is less than 1-a, where a is the
confidence level, the factor significantly affects the response variable. As a result, if a p-value
less than 0.05 is obtained in this study, the null hypothesis can be rejected, and thus, the results

are statistically different.

3.6.1.1 Tukey Comparison Test. Due to the large number of treatments, the Tukey Honest

Significant Difference (HSD) comparison test was conducted. That is because compared to other
comparison tests, such as the Fisher Least Significant Difference (LSD) test, the Tukey HSD test
minimizes the likelihood of a type-1 error in the results, indicating a difference where one does

not exist in the data as there are a total of 22 different treatments and variation in wood due to
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factors such as density and cut location (i.e., heartwood versus latewood). Tukey’s Test is a
single step multiple comparison procedure and statistical test that uses the t-distribution to
compare all possible pairs of data sets within a group of data sets by first calculating a

characteristic difference value in the following equation:

T, = q(a, f){/MSg (Equation 14)
Where T« is the characteristic Tukey’s difference value, q (a, f) is a test statistic value based on
the t-distribution, a is the number of factors or data sets considered in the comparison, and MSk

represents the mean squared error value. Grouping information was assorted by letter and means

that did not share a letter were significantly different.

3.6.1.2 Dunnett’s Multiple Comparison Test. The Dunnett's test is a multiple comparison

ANOVA procedure developed to compare several treatments with a single control. If an interval
contains zero, indicated by the sharing of the letter “A” there is no significant difference between
the two means under comparison. A family-wise error rate is specified for all comparisons, and
Dunnett's method accordingly determines the confidence levels for each comparison. Due to the
generalized nature of the Tukey pairwise comparison, which considers all kinds of pairwise
comparisons, the Dunnett’s test is used as it addresses a special case of comparing multiple
treatment groups with a single control group. The Dunnett’s test yields narrower confidence
intervals simultaneously to increase precision within the data, reducing the likelihood of a type 1

error.
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4 RESULTS AND DISCUSSION

4.1 Characterization

4.1.1 Field Emission Scanning Electron Microscopy

FE-SEM characterization shows the cellular walls of a sample. The importance of this
characterization is to visualize the partial collapse of the cell walls due to the delignification
combined with the vacuum pressure treatment (Qian et al., 2019). Additionally, FE-SEM was
hypothesized to distinguish the crystalline cellulose from the amorphous cellulose within the
wood. However, the lack of magnification and distinguishable elemental composition presented
hurdles in visualizing the CNC within the SYP. Images were taken at 383x magnification.

Figure 22a depicts the control sample appears to have disrupted cell walls while the cell
walls in the treated samples have collapsed due to the delignification and vacuum pressure
treatment. Additionally, the cell walls in the control sample in Figure 22a appear to have a rough,
non-uniform structure, while the treated sample has a smooth, uniform structure in Figure 22b. A
smoother structure in the FE-SEM suggests lignin removal in the SYP, which agrees with the
literature (Sun et al., 2009). It was also observed that upon polishing the samples, resin from
polishing filled the tracheids of the sample. This resin is distinguishable due to the scratch marks
and patterns located within the tracheids of the sample (Tan et al., 2020) observed in both
Figures 22a and 22b. Moreover, the holes in the cell walls indicate that the resin has not
completely encased the wood; thus, voids in the sample were left unfilled.

As a result, these images indicate the impacts of the wood sample's delignification and

densification. However, the CNCs could not be detected, likely because wood and CNCs contain
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cellulose and have minuscule dimensions (10-15 nm width and 80-100 nm length). EDX imaging
was also attempted to detect CNC via sulfur groups, as the CNCs were treated using sulfuric
acid. However, the sulfur concentration was too low for EDX detection as the sulfur consisted of
a fraction of an already low concentration of CNC. As a result, other characterization techniques

had to be used to detect the presence of CNCs in the sample.
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Flgure 22. Field Emlssmn Scannlng Electron Mlcroscopy Images of (a) Untreated (CL) and (b)
Treated (3N2AA2CNC) Southern Yellow Pine Wood (Perpendicular to Grain)

4.1.2 Atomic Force Microscopy

Because of the nano-scale dimensions of CNCs, AFM was used to detect the presence of
CNCs within a sample through modulus mapping and determine the impact that CNCs have on
the mechanical properties of a sample. Current AFM imaging has generated 2D modulus maps
with resolutions down to 1.5 nm of cellulosic nanomaterials (Wagner et al., 2016). Another study
also produced AFM images that studied wood in a cement environment (Li et al., 2022).
However, the novelty of this study lies in generation 3-dimensional maps of surface topography
overlaid with monochromatic modulus maps shown for a control sample (Figure 23) and a
3N2AA2CNC treated sample (Figure 24). AFM characterization aimed to detect CNCs in the

SYP due to the numerous additives and similar composition of CNCs to wood.
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The detection of CNCs was partially supported via modulus mapping using the Hertzian
contact model due to the extremely high stiffness of CNC relative to the SYP. Stiffness was
marked on a monochromatic scale, where lower stiffness values are darker (~3-8 GPa), while
higher stiffness values are lighter (~20 GPa). The untreated maps had an average modulus of
9.639 * 4.284 GPa, whereas the 3AN2AA2CNC sample had an average modulus of 10.351 +
5.395 GPa.

These results allude to the detection possibilities of CNC using this technique. However,
due to small size of the scanned surface, additional scans need to be conducted in order to
provide sufficient support regarding the presence of CNC in the sample. Additionally, the
stiffness on the map was found to be more evenly distributed, possibly due to delignification, as
this is consistent with FE-SEM imaging described in Figure 22, which depicts the removal of the
rough, nonuniform structure of the cell walls via delignification. However, if a surface has sharp
protrusions, the Hertzian contact model becomes unstable, resulting in false areas of high
stiffness. A similar phenomenon occurs in a 1998 paper by Stark et al. Here, the paper attempts
to determine the MOE of an aerogel powder using the Hertzian contact model. However, it fails
to model areas of rough inclusions. As a result, although there are areas of high stiffness on the
sample in Figure 23, the areas were likely produced as a failure of the Hertzian contact model

due to the drastic roughness of the untreated surface.
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Figure 23. 3D Atomic Force Microscopy Elastic Modulus Map of Untreated (CL) Southern
Yellow Pine Wood (Parallel to Grain)
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Figure 24. 3D Atomic Force Microscopy Elastic Modulus Map of Treated (3N2AA2CNC)

Southern Yellow Pine Wood (Parallel to Grain)

4.1.3 Fourier-Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy was used to determine changes in chemical
composition in the SYP due to treatment. It was expected that ester groups and functional groups
would be detected as a result of the 3N2BA2CNC and the 3N2AA2CNC treatments as the

addition of these acids functionalized the surface of the CNC and were hypothesized to undergo
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Fisher-Speier esterification. Additionally, the CL and the 2CNC were expected to contain groups
that indicated the presence of lignin or other extractives in SYP as they did not undergo NaOH

delignification.
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Figure 25: Fourier Transformation Infrared Spectroscopy: Wavenumber versus Transmittance of
four Southern Yellow Pine Wood Treatments

The resulting FTIR spectra of these treatments were collected and included the wavenumbers
from 500 cm™ to 4000 cm™* in Figure 25 with peaks described in a table by Larkin et al., 2017.
Peaks were observed at 1218 cm™ for the 3N2AA2CNC treatment, indicating the presence of
ester groups likely the result of Fisher-Speier esterification. Similar peaks were not detected for
the 3AN2BA2CNC treated samples, likely due to the lack of solubility of the BA, inhibiting the
esterification of the CNC. Peaks at 1600 — 1610 cm™ were also detected due to the 3SN2BA2CNC
and 3N2AA2CNC treatment, indicating the presence of amino acid zwitterions, molecules that
contain an equal number of positively and negatively charged functional groups (Chai et al.,

2003). Peaks at 1520-1530 cm™ and 1680-1690 cm™ were found in the CL and 2CNC samples,
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respectively, indicating the presence of wood extractives. The peaks at 1520-1530 cm™ suggest
the presence of aromatic nitrogen groups, while the peaks at 1680-1690 cm™ suggest the

presence of unsaturated aromatic acids (Mikleci¢ et al., 2012).

4.2 Physical and Mechanical Properties Tests

4.2.1 Density

Density measurements and change in density tests were conducted using five samples
from each formulation to evaluate the effects of delignification and the impregnation of CNC
into the SYP (Section 3.5.1). There was strong evidence that CNC caused significantly higher

changes in density (p = 0.05) by ANOVA (Table 4).

Table 4: Analysis of Variance: Change in Density

Source DF Adj SS Adj MS F-Value P-Value
NaOH 1 11.22 11.22 0.06 0.807
CNC 2 2302.67 1151.34 6.22 0.005
AA 1 0.23 0.23 0 0.972
Error 30 5549.11 184.97
Lack-of-Fit | 1 72.92 72.92 0.39 0.539
Pure Error 29 5476.2 188.83
Total 34 8170.54
*The following terms cannot be estimated due to failing the regression test and were removed:
BA

The delignified samples treated with functionalized CNC were expected to have the
greatest density due to the pores being filled with CNCs, which have a density of 1600 kg/m?®
(Mariano et al., 2014), compared to commercially sourced SYP, which only has a density 476
kg/m®. NaOH and AA treatments do not show statistically significant differences in density

compared to the untreated SYP (Table 4) as their p-values are much greater than 0.05. Despite an
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initial mass loss, delignification by NaOH has been found to have a minimal impact on the
density of the SYP (Kuai et al., 2022).

Table 5 displays the mean density of each treatment along with their percentage changes
and Tukey comparison. Values were obtained for seven formulations, including control. Control
had 0% Ap, SD, and CV because it was not treated. The 5% CNC treatment showed the greatest
observed change in density (an increase of 29.96%), with a density of 600.52 kg/m3, and was the
only treatment significantly different from the control sample (p-value < 0.05) according to the
Tukey comparison correction. The density value of the 5% CNC treatment was comparable to

that of American Beech and Sugar Maple (640.00 kg/m?®) as described in Table 1.

Table 5: Statistical Means with Tukey Comparison: Density

Treatment | Mean Density (kg/m3) | Ap (%) SD cv
5CNC 600.52 29.96" | 4.61 | 15.38
3N2BA2CNC 548.55 26.19%% | 3,72 | 14.22
3N2BA5CNC 587.00 24.71"® | 1.37 | 5.56
3N2AA2CNC 575.59 23.58%® | 3,52 | 14.91
2CNC 546.93 21.19%® | 1.18 | 3.5
3N2AA5CNC 548.55 16.67*® | 1.55 | 9.29

CL 476.50 08 0 0
3NVP 501.5858 1.81¢ | 0.30 | 14.47

*Means that do not share a letter are significantly different.

Testing conducted with a combination of delignification (3N) and a vacuum pressure
treatment with water showed a 1.81% increase in density, which was deemed insignificant.
However, this lack of change was the result of the masses and volumes of the 3NVP samples
decreasing a similar percentage to one another (mass decreased by 6.20% and volume decreased
by 7.90% with the 3NVP treatment). This indicates that the combination of delignification and

vacuum pressure treatment causes a reduction in volume, likely as a result of the applied pressure
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treatment on the SYP facilitating the collapse of the cell walls (Liang et al., 2022), consistent

with Figure 22.

Table 6: Dunnett’s Multiple Comparison: Change in Density

NaOH N | Mean (%) | Grouping
0 (Control) | 15 17.17 A
3 20 15.50 A
CNC N | Mean (%) | Grouping
0 (Control) | 5 0.72 A
5 10 27.33
2 20 22.39
AA N | Mean (%) | Grouping
0 (Control) | 25 16.21 A
2 10 16.45 A

*Means not labeled with the letter A are significantly different (p < 0.05) from the control level
mean after multiple comparison corrections.

Since multiple treatments shared the same letters in the Tukey comparison test, the
Dunnett multiple comparison test (shown in Table 6) was conducted to verify this effect. It was
found that the CNC concentration had a significant effect with both 2% and 5% concentrations
of added CNC. The results indicate a significant effect of CNC impregnation on the density of
SYP. These results are supported when nano-aluminum oxide was impregnated into wood
(Taghiyari et al., 2017), leading to an up to 10% increase in density only with impregnation.
Moreover, it was observed that AA and BA functionalization did not have a significant effect on
the density of the SYP, possibly due to the modification of the surface of the CNC reducing the
hydrophilicity and hydrogen bonding density of the CNC, but not to a significant degree on the
mass of the entire SYP system (Kamboj et al., 2022). One potential cause for the increased

density of the SYP despite delignification is that the mass loss of lignin from the treatment of
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SYP is mitigated by the additional CNC impregnation into the SYP. The increase in density as a
result of impregnation is supported by a study on delignified and sodium silicate (a higher-
density, higher strength material) impregnated poplar. Despite a 13% density growth ratio loss as
a result of delignification, the poplar still exhibited a 32% density growth ratio when

impregnated with sodium silicate (Kuai et al., 2022).

4.2.2 Water Absorption Test

Water absorption tests were conducted using five samples from each formulation,
to determine the affinity of treated and untreated SYP samples to water. Water absorption of
samples was measured at 24-hour periods as per ASTM D1037 specifications. The delignified
samples treated with functionalized CNC were expected to have water absorption values similar
to those of the untreated samples, despite CNCs being hydrophilic (Paskdel et al., 2021). Several
studies have reported that functionalization with acetic acid and benzoic acid reduces the
hydrophilicity of CNCs (Shikata et al., 2013). ANOVA was used to determine the significant

differences between different formulations and factors (Table 7).

Table 7: Analysis of Variance: Water Absorption

Source DF AdjSS | AdjMS | F-Value | P-Value

N 1 80.261 | 80.261 9.40 0.005

CNC 2 361.781 | 180.891 | 21.18 0.000

AA 1 16.778 | 16.778 1.96 0.171

Error 30 256.180 | 8.539
Lack-of-Fit 2 7.111 3.556 0.40 0.674
*The following terms cannot be estimated due to failing the regression test and were removed:
BA

Table 7 shows the water absorption values of seven formulations, including control. The

results show samples with 5% CNC had the highest water absorption (41.41%), whereas
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delignified samples treated with BA functionalized samples had the lowest (30.25%). It was
found that at higher CNC concentrations, water absorption increases slightly, possibly due to the
hydrophilic properties of CNC (Shikata et al., 2013), as displayed in Table 6, resulting in an

increase from 36.85% to 41.14%.

Table 8: Statistical Means with Tukey Comparison: Water Absorption

Treatment N Mean (%) SD cv
5CNC 5 41.14* 1.76 4.27
3N2AA5CNC 5 39.45%8 1.27 3.21
3N2BA5CNC 5 38.32%8 1.38 3.60
CL 5 36.85"8 1.74 4,72
2CNC 5 35.458¢ 0.86 2.42
3N2AA2CNC 5 31.41° 1.58 5.03
3N2BA2CNC 5 30.25¢ 1.82 3.26

*Means that do not share a letter are significantly different.

Due to the sharing of multiple letters in the Tukey comparison test, the Dunnett’s
multiple comparison test shown in Table 8 was conducted to verify this effect. It was found that
NaOH led to a significant decrease in water absorption from (38.39% to 34.76%). This
observation indicates the possibility that sodium hydroxide treatment led to the collapse of the
cell walls, hindering the transport of water in the cells, hence the SYP’s reduced water
absorption. The effect of delignification reducing water absorption is supported by a previous
study, where delignification facilitated the collapse of cell walls (Liang et al., 2022), making it
difficult to absorb water. As a result, water absorption decreased from 36.85% to 30.25% due to
the 3AN2BA2CNC treatment (Wang et al. 2021). Table 9 indicated CNCs had a significant effect
at the 5% concentration level due to the hydrophilicity of CNC (Shikata et al., 2013) resulting in
an increase from 35.77% to 40.67%. Another observation from table 8 noted that neither AA nor

BA had an effect in reducing the moisture absorption of the CNC, despite the esterification of the
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CNC. Table 9 supports this by sharing a letter in the Dunnett’s test. The presence of this
observation is an indicator that there may be more variables that may need to be controlled to

produce the differences in water absorption as a result of the surface functionalization of CNC.

Table 9: Dunnett’s Multiple Comparison: Water Absorption

NaOH N | Mean (%) | Grouping
0 (Control) 15 38.39 A
3 20 34.76
CNC N | Mean (%) | Grouping
0 (Control) 35.77 A
2 15 33.75 A
5 15 40.67
AA N | Mean (%) | Grouping
0 (Control) | 25 35.81 A
2 10 37.65 A

*Means not labeled with the letter A are significantly different (p < 0.05) from the control level
mean after multiple comparison corrections.

4.2.3 Thickness Swelling

Thickness swelling tests were conducted using five samples from each formulation to
determine the volumetric affinity of treated and untreated SYP samples to water. The thickness
swelling of samples was measured at 24-hour periods as per ASTM D1037 specifications. The
delignified samples and those treated with functionalized CNC were expected to have values
similar to that of the untreated samples despite the hydrophilic nature of CNCs (Paskdel et al.,
2021). Several studies have reported that functionalization with acetic acid and benzoic reduces
the hydrophilicity of wood (Shikata et al., 2013), while delignification enhances the dimensional
stability of the SYP (Kuai et al., 2022). ANOVA was used to determine the significant

differences between different formulations and factors (Table 10). It was observed that
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significant changes occurred strongly as a result of delignification and there appears to be weak

evidence that CNC treatment resulted in significant changes to thickness swelling of the SYP.

Table 10: Analysis of Variance: Thickness Swelling

Source DF AdjSS | AdjMS | F-Value | P-Value
N 1 47.318 | 47.3180 | 15.15 0.001
CNC 16.759 | 8.3794 2.68 0.085
AA 5.251 | 5.2509 1.68 0.205
Error 30 93.688 | 3.1229
Lack-of-Fit 2 0.238 | 0.1192 0.04 0.965
Pure Error 28 93.450 | 3.3375
Total 34 194.523
*The following terms cannot be estimated due to failing the regression test and were removed:
BA

Table 11 shows the thickness swelling values of seven formulations, including the
control. The results show samples with 5% CNC had the highest water thickness swelling
(10.398 %), whereas delignified samples treated with AA functionalized samples had the lowest
thickness swelling (5.205%). It was found that at higher CNC concentrations, the thickness
increases slightly due to the hydrophilic properties of CNC, as displayed in Table 11, from

8.258% to 10.398%.

Table 11: Statistical Means with Tukey Comparison: Thickness Swelling

Treatment N Mean (%) SD cv
5CNC 5 10.398* 1.22 12.91
2CNC 5 9.450"8 0.82 11.33

CL 5 8.258ABC 0.53 8.25

3N2BA5CNC 5 7.25648¢ 0.39 7.39

3N2BA5CNC 5 6.443 ABC 0.10 4.10

3N2AA5CNC 5 6.4408¢ 0.63 19.80

3N2AA2CNC 5 5.205¢ 0.70 13.42

*Means that do not share a letter are significantly different.
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Due to the sharing of multiple letters in the Tukey comparison test among several
samples, the Dunnett’s multiple comparison test shown in Table 12 was conducted to verify
treatment effects. There appears to be no evidence that the CNC concentration affected the
thickness swelling as SYP, as they shared the same Dunnett’s test letter in Table 12. However,
an increase from 6.207% to 8.375% in thickness swelling from the control level to level 5 in the
CNC treatment in Table 12 was observed, indicating that there is a minuscule change as a result
of the hydrophilicity of CNC, but not that of a significant degree. Another notable observation
from Table 12 is that a significant decrease in thickness swelling from 8.858% to 5.781% as a
result of delignification. This observation alludes to the possibility that sodium hydroxide
treatment led to the collapse of the cell walls obstructing water transport, hence the SYP’s
reduced thickness. The effect of delignification also reducing thickness swelling is supported by
a previous study, where delignification facilitated the collapse of cell walls (Liang et al., 2022),
making it difficult for the wood to swell. causing overall thickness swelling to decrease from

8.258% to 5.205% as a result of the AN2AA2CNC treatment (Wang et al. 2021).

Table 12: Dunnett’s Multiple Comparison: Thickness Swelling

NaOH N Mean (%) Grouping
0 (Control) 15 8.858 A
3 20 5.781
CNC N Mean (%) Grouping
0 (Control) 5 6.207 A
2 15 7.376 A
5 15 8.375 A
AA N Mean (%) Grouping
0 (Control) 25 7.832 A
2 10 6.810 A

*Means not labeled with the letter A are significantly different (p < 0.05) from the control level
mean after multiple comparison corrections.
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Another observation noted is that neither AA nor BA had an effect in reducing the
moisture absorption of the CNC, as the BA failed the linear regression test, and observations in
Tables 10 and 12 support this due to its p-value of greater than 0.05 and sharing a letter in the
Dunnett’s test. This observation indicates that more variables may need to be controlled to

produce the differences in thickness swelling.

4.2.4 Linear Expansion

Linear expansion testing was conducted to determine the relative expansion of SYP in the
lengthwise dimension due to changes in environmental humidity. Samples that underwent linear
expansion testing were measured at 24-hour periods at 50% humidity and 90% humidity as per
ASTM D1037 specifications. The delignified and functionalized CNC-treated samples were
expected to have values similar to that of the untreated samples due to delignified and densified
poplar wood having enhanced dimensional stability. Moreover, several studies have indicated
that functionalization with acetic acid and benzoic reduces the hydrophilicity of wood (Shikata et

al., 2013).

Table 13: Analysis of Variance: Linear Expansion

Source DF AdjSS | AdjMS | F-Value | P-Value
NaOH 1 0.020 0.020 1.810 0.189
CNC 2 0.048 0.024 2.190 0.129
AA 1 0.006 0.006 0.590 0.450
Error 30 0.327 0.011

Lack-of- 1 0.004 0.004 0.370 0.548
Fit

Pure 29 0.323 0.011

Error

Total 34 0.420

BA

*The following terms cannot be estimated due to failing the regression test and were removed:
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ANOVA was used to determine the significant differences between different
formulations and factors (Table 13). Table 14 indicated Tukey testing that all formulations
shared the same letter, displaying no sign of significant differences between any of the formulas.
The lack of significance is further supported by ANOVA findings in Table 13 showing all

treatments having p-values greater than 0.05.

Table 14: Statistical Means and Tukey Comparison: Linear Expansion.

Treatment Linear Expansion (%) sD cv
CL 0.344% 0.066 | 13.91
2CNC 0.398* 0.061 | 16.65
5CNC 0.484* 0.070 | 14.51
3N2AA2CNC 0.317% 0.075 | 14.27
3N2BA2CNC 0.343% 0.067 | 19.42
3N2AA5CNC 0.341% 0.057 | 17.89
3N2BA5CNC 0.345% 0.049 | 13.67

*Means that do not share a letter are significantly different.
Due to a lack of significant differences, a Dunnett’s test was also conducted in Table 15,

which detected no significant difference between levels as well.

Table 15: Dunnett’s Multiple Comparison: Linear Expansion

NaOH N Mean (%) | Grouping

0 (Control) 15 0.389 A

3 20 0.318 A
CNC N Mean (%) | Grouping

0 (Control) 5 0.289 A

5 10 0.414 A

2 20 0.357 A
AA N Mean (%) | Grouping

0 (Control) 25 0.373 A

2 10 0.334 A

*Means not labeled with the letter A are significantly different (p < 0.05) from the control level
mean after multiple comparison corrections.
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The lack of notable differences combined with the drastic value changes observed in
some groups in the Dunnett’s method led to the development of a model-reduced ANOVA table
(Table 16), removing AA to discount its effects as it had the highest p-value of 0.450. These
results indicate that the NaOH treatment caused a significant change in linear expansion as a p-

value less than 0.05 was obtained.

Table 16: Model Reduced Analysis of Variance: Linear Expansion

Source DF| AdjSS Adj MS | F-Value| P-Value
NaOH 1| 5.54E-02| 5.54E-02| 5.15 0.030
CNC 2 | 4.20E-02| 2.10E-02| 1.95 0.159
Error 31| 3.33E-01| 1.07E-02

Lack-of-Fit 1| 8.29E-03| 8.29E-03 0.77 0.388
Pure Error 30| 3.25E-01| 1.08E-02

Total 34| 4.20E-01

Following the reduced-ANOVA table in Table 16, the Dunnett’s multiple comparison test
was conducted and displayed in Table 17. The reduced-Dunnett’s multiple comparison found
that NaOH significantly reduced linear expansion from 0.41% to 0.31% from factor levels 0 to 3.
A probable cause of this decrease was the delignification facilitating the collapse of the cell walls
during vacuum pressure treatment. This result is supported by several studies that indicate that
delignification facilitates the collapse of the cell walls of poplar (Liang et al., 2022 and Luo et
al., 2022), hindering water transport throughout the sample. Table 17 also observed that there
were no significant changes in linear expansion into SYP as a result of CNC impregnation,
despite an increase from 0.301% to 0.412%, further supported by a Table 15, which produced a

p-value of 0.159. A likely reason for the difficulty in detecting significant increases in linear
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expansion is the variation between samples shown in Table 14 as high coefficient of variation

values were observed (<10%).

Table 17: Model Reduced Dunnett’s Multiple Comparison: Linear Expansion

NaOH N Mean (%) | Grouping
0 (Control) | 15 0.414 A
3 20 0.312
CNC N Mean (%) Grouping
0 (Control) 5 0.301 A
5 20 0.412 A
2 20 0.373 A

*Means not labeled with the letter A are significantly different (p < 0.05) from the control level
mean after multiple comparison corrections.

4.2.5 Flexural Test

Flexural tests were conducted on ten samples from each formulation to determine the
stiffness and bending strengths of treated and untreated SYP samples. MOR and MOE were
measured and calculated as per ASTM D1037 specifications as described in section 3.5.5. All
treatments were expected to lead to a significant increase in MOR and MOE as NaOH would
open the pores of the SYP, allowing for superior penetration of CNCs upon vacuum pressure
treatment, which has superior mechanical properties (tensile strength: 7 GPa elastic moduli of
150 GPa, and crystallinity: 54-88%) (Habibi et al., 2014). This is supported by a study that
indicate that the insertion of CNC into wood increases its MOE and MOR (Luo et al., 2022). The
addition of AA or BA was expected to strengthen the CNCs further as previous studies have
found superior crystallinity (from 64% to 80-83%) and dispersion with AA functionalization
(Tang et al., 2013) and superior Young’s modulus (an increase of 20%) with BA (Shojaeiarani et

al., 2018)



59

4.2.5.1 Modulus of Rupture The modulus of rupture represents the maximum flexural

strength the SYP undergoes before failure. Table 18 displays an ANOVA table of the treatments
and their interactions, indicating strong evidence to reject the null hypothesis that CNC and BA
caused significant changes to the MOR due to obtaining p-values ~ 0.000 and 0.008,
respectively. Additionally, there was weak evidence to reject the null hypothesis that AA causes
significant changes to MOR as the obtained p-value lied between 0.05-0.10, while for NaOH,
there was no evidence to reject the null hypothesis due to the observation of a p-value of 0.358,

alluding that delignification did not enhance the stiffness of SYP.

Table 18: Analysis of Variance: Modulus of Rupture

Source DF Adj SS AdjMS | F-Value | P-Value
NaOH 1 7.46E+02 | 7.46E+02 0.85 0.358
CNC 3 9.48E+04 | 3.16E+04 | 35.92 0.000
AA 1 3.36E+03 | 3.36E+03 3.82 0.052
BA 1 6.21E+03 | 6.21E+03 7.06 0.008
Error 233 | 2.05E+05 | 8.80E+02
Lack-of-
Fit 17 5.72E+04 | 3.36E+03 491 0
Pure
Error 216 | 1.48E+05 | 6.85E+02
Total 239 | 3.19E+05

Table 19 shows the MOR values of seven formulations, their statistical means, and Tukey
comparison. The results indicate that all treatments differed significantly and increased relative
to the control, as they did not share a letter except for the 3AN2BA5CNC treatment, which shared
the letter C with the control. Moreover, the 2CNC treatment had the highest observed MOR of

171.12 MPa, superior to that of Live Oak by a difference of 35% (Table 1). Due to the letter
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sharing among numerous treatments, the Dunnett’s test was also conducted for further analysis

of the effects of each treatment as a result of NaOH, CNC, AA, and BA treatment (Table 20).

Table 19: Statistical Means and Tukey Comparison: Modulus of Rupture

Treatment Mean (MPa) sD cv
2CNC 171.124 21.36 12.48
5CNC 169.55% 20.85 13.85

3N2AA5CNC 162.68"° 14.45 8.88

3N2BA2CNC 156.50"® 23.80 15.31

3N2AA2CNC 150.54%8 15.38 11.9

3N2BA5CNC 129.278%¢ 9.33 5.5

CL 102.42°¢ 21.4 20.9

*Means that do not share a letter are significantly different.

Table 20 shows the Dunnett’s test observations of treated and untreated SYP. It was
observed that the addition of CNC led to a significant increase in MOR, while BA led to a
significant decrease in MOR. A possible reason for the decrease in MOR is the lack of dispersion
of the BA functionalized CNC due to its lack of solubility (Jasmani et al., 2016), thus hindering
nano dispersion during ultrasonication. On the other hand, an increase from 124.74 MPa to
133.91 MPa was observed with AA. This is likely due to the acetylation of the CNCs improving
the dispersion and crystallinity of CNC throughout the SYP (Tang et al., 2013). Another notable
observation is CNCs may have enhanced MOR by penetrating into the SYP, which is supported
by a previous study reported increases in MOR due to impregnating poplar wood with high
MOR materials such as CNC and nano-aluminum-oxide due to its superior mechanical strength

(Taghiyari et al., 2017 and Luo et al., 2022).
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Table 20: Dunnett’s Multiple Comparison: Modulus of Rupture

N N Mean (MPa) | Grouping
0 (Control) 120 127.56 A
3 120 131.09 A
CNC N Mean (MPa) | Grouping
0 (Control) 60 97.18 A
2 60 147.54
5 60 143.99
AA N Mean (MPa) | Grouping
0 (Control) 160 124.74 A
2 80 133.91 A
BA N Mean (MPa) | Grouping
0 (Control) 160 135.55 A
2 80 123.09

*Means not labeled with the letter A are significantly different (p < 0.05) from the control level
mean after multiple comparison corrections.

4.2.5.2 Modulus of Elasticity The modulus of elasticity represents the sample's stiffness

during initial loading before unrecoverable deformation occurs. Table 21 displays an ANOVA
table constructed of the treatments and their interactions. The ANOVA table contains strong
evidence that significant differences were observed with the BA and AA treatments due to their

p-values being significantly less than 0.05, approaching zero.

Table 21: Analysis of Variance: Modulus of Elasticity

Source DF Adj SS Adj MS | F-Value| P-Value

N 1.76E+07| 1.76E+07 1.86 0.174

CNC 9.51E+08| 3.17E+08| 33.49 0.000

AA 1.02E+08| 1.02E+08| 10.73 0.001

BA 8.05E+06| 8.05E+06| 0.85 0.357
Error 224 2.12E+09| 9.47E+06

Lack-of-Fit 8 | 1.64E+08| 2.05E+07| 2.27 0.024
Pure Error | 216| 1.96E+09| 9.05E+06

Total 239| 3.36E+09
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Table 22 shows the MOE values of seven formulations, including the control. The results
show samples with the 3AN2AA2CNC treatment having the highest MOE of 19580 MPa, while
the 3N2BA5CNC had the lowest MOE of 17206 MPa, superior to that of Live Oak, which has an
MOE of 13700 MPa, a 43% increase (Table 1). There also appears to be a pattern where MOE
CNC at 5% CNC appeared to have a lower value than 2CNC. Moreover, numerous treatments
appear to share letters, indicating more analysis needs to be conducted to verify the differences.

Table 22: Statistical Means and Tukey Comparison
Treatment Mean (MPa) SD cv

3N2AA2CNC 19580" 3579 18.28

3N2AA5CNC 18396"® 1380 7.50

5CNC 180158 1643 9.12

3N2BA2CNC 180138 3982 22.11

2CNC 1741278 2832 16.26

3N2BA5CNC 17206"8¢ 2649 15.40

CL 11419 1827 16.00

*Means that do not share a letter are significantly different.

Due to the sharing of multiple letters in the Tukey comparison test among several
samples, the Dunnett’s multiple comparison test shown in Table 23 was conducted to verify
treatment effects. The Dunnett’s test indicated that CNC did have a significant effect on the
MOE of a sample as they shared a letter. Additionally, a slight decrease in hardness was
observed at the 5% CNC concentration, hinting at the possibility that CNCs began to localize on
the surface due to the increased viscosity of the solution. A study found a decrease in the

hardness of CNC at higher solution concentrations, causing CNC localization on the surface
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(Mohamed et al., 2018). Additionally, it was found that AA appeared to have a significant
increase in CNC, possibly as a result of surface functionalization (Rana et al., 2021). Another
noted observation was that delignification with NaOH did not appear to have a significant impact
on improving the mechanical properties of CNC due to having a p-value greater than 0.05 in
Table 21 while sharing a letter in Table 22. However, NaOH was expected to enhance the
mechanical properties of the SYP, as there was an observed increase of 542 MPa in the mean
MOE was observed in Table 23, hinting at the possibility of an increase as delignification was
expected to enhance the impregnation outcomes with CNC due to similar observations with
poplar wood (Luo et al., 2022). Based on these results, more factors may affect the modulus of
elasticity than were accounted for in the initial design of the experiment, indicating more
variables may need to be controlled to produce the desired modulus of elasticity for the NaOH

treatment.

Table 23: Dunnett’s Multiple Comparison: Modulus of Elasticity

N N Mean (MPa) | Grouping
0 (Control) 120 15622 A
3 120 16164 A
CNC N Mean (MPa) | Grouping
0 (Control) 60 12057 A
2 60 18582
5 60 18119
AA N Mean (MPa) | Grouping
0 (Control) 160 15096 A
2 80 16689
BA N | Mean (MPa) | Grouping
0 (Control) 160 16117 A
2 80 15668 A

*Means not labeled with the letter A are significantly different (p < 0.05) from the control level
mean after multiple comparison corrections.
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4.2.6 Hardness Test

Hardness tests were conducted to measure resistance to localized plastic deformation of a
wood sample. CNC treatment was expected to increase the hardness, while the functionalization
of CNC with BA or AA would further increase the hardness due to the conversion of surface
hydroxyls into esters, improving CNC dispersion of the sample, while NaOH would not affect
hardness. This is supported by studies that indicate related properties such as the ultimate
strength of PLA thermoplastic, strengthened by BA functionalized CNC (Shojaeiarani et al.,
2018), possibly improving hardness values and a study finding that delignified wood fiber-
polypropylene found no changes in hardness upon delignification (Karimi et al., 2006). ANOVA
was used to determine the significant differences between different formulations and factors.
Table 24 displays an ANOVA table of the hardness test, which indicates that only BA and CNC
resulted in a significant change due to having p-values less than 0.05, whereas NaOH and AA

did not result in a significant change.

Table 24: Analysis of Variance: Hardness Test

Source DF Adj SS Adj MS | F-Value | P-Value
NaOH 1 2670 2670 0.03 0.872
CNC 2 797809 | 398905 3.95 0.028
BA 1 1004304 | 1004304 | 9.95 0.003
Error 37 3736113 | 100976
Lack-of-Fit 1 1511020 | 1511020 | 24.45 0
Pure Error 36 2225093 61808
Total 41 5593304
*The following terms cannot be estimated due to failing the regression test and were removed:
AA

Table 25 displays the statistical means and Tukey comparison of the data. This data

indicates strong evidence that the 3AN2AA2CNC and 2CNC treatments significantly differ from
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the control sample due to them not sharing a letter with the CL treatment. It was also found that
despite having a greater mean, the 3N2BA2CNC was found not to share the letter C with the
control, indicating somewhat of a decrease as a result of the BA contradicting the expected

results.

Table 25: Statistical Means and Tukey Comparison: Hardness Test

Treatment Mean (N) SD cv
3N2AA2CNC 3598* 217.7 6.05
2CNC 343748 43.3 1.26
5CNC 31438¢ 70.6 2.32
3N2AA5CNC 2501¢ 168.6 | 6.74
3N2BA5CNC 2822 194.2 | 6.88
CL 2814%P 110.1 | 3.91
3N2BA2CNC 2996° 204.6 6.83

*Means that do not share a letter are significantly different.

The Dunnett’s multiple comparison test was used to further verify the efficacy of the
treatments in Table 26 due to its limited likelihood of attaining a type-1 error. It was found
through the Dunnett’s multiple comparison test that BA caused a significant decrease in the
hardness of SYP due to the lack of a shared letter. A possible cause of this is a lack of dispersion
of the BA functionalized CNC due to its lack of solubility (Jasmani et al., 2016), thus hindering
nano dispersion during ultrasonication. CNC was also observed to have caused a significant
increase in hardness. The means obtained via the Dunnett’s test for CNC found a significant
difference between CNC levels 0 wt. % compared to the 2 and 5 wt.%. However, the addition of
CNC from 2 to 5 wt.% CNC does not increase as greatly as from 0 to 2 wt. % CNC. A possible
cause for this is the increased viscosity of the solution, leading to the localization of CNC on the

surface of the SYP. A previous study that studied the microhardness of CNC-reinforced resin
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found that the 4% CNC had a slightly greater hardness compared to 6% when dispersed

throughout a polyester and measured at a 5 N load for hardness (Mohamed et al., 2018).

Table 26: Dunnett’s Multiple Comparison: Hardness Test

NaOH N Mean (N) Grouping
0 (Control) 9 2870 A
3 12 2893 A
CNC N Mean (N) Grouping
0 (Control) 2597 A
5 6 3078
2 12 2970
BA N Mean (N) Grouping
0 (Control) 15 3110 A
2 6 2653

*Means not labeled with the letter A are significantly different (p < 0.05) from the control level
mean after multiple comparison corrections.

4.2.7 Lap Shear Test

Lap shear tests were conducted using five samples from each formulation to determine
the adhesive bonding strength of an SYP sample against shear forces. Lap shear tests were
measured and calculated as per ASTM D1037 specifications. NaOH delignification was expected
to decrease lap shear due to the formation of microcracks onto the SYP, likely due to
delignification, resulting in lower shear strength (Dimitriou et al., 2018). Functionalized CNC
with either BA or AA was expected to mitigate this decrease due to its ability to enhance the
interfacial adhesion of polymers such as PLA-PHB (Arrieta et al., 2014). Moreover, acetylation
of CNC with AA was expected improve CNC dispersion (Tang et al., 2013) throughout the SYP,
improving its lap shear. ANOVA determined the significant differences between different

formulations and factors (Table 27).
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Table 27: Analysis of Variance: Lap Shear

Source DF AdjSS | AdjMS | F-Value | P-Value
N 1 16.453 | 16.453 | 540.94 | 0.000
CNC 2 8.1269 | 4.0635 | 133.6 0.000
AA 1 0.4805 | 0.4805 15.8 0.000
Error 30 0.9125 0.0304
Lack-of-
Fit 2 0.4691 | 0.2346 | 14.82 0.000
Pure
Error 28 0.4433 | 0.0158
Total 34 25.0028
**The following terms cannot be estimated due to failing the regression test and were removed:
BA

Table 27 displays seven formulations' statistical means and Tukey comparison values,
including control. The results show the 5CNC treatment yielded the highest lap shear (4.308
MPa), while the 3N2BA2CNC yielded the lowest (1.842 MPa). It was found that higher
concentrations in CNC led to greater lap shear, with 5CNC having a lap shear of 4.31 MPa.
CNC:s likely increased lap shear due to their short (<100 nm), rigid, and rod-like morphology,

which increased the shear strength of epoxy adhesive from 14-40 MPa (Lee et al., 2021).

Table 28: Statistical Means and Tukey Comparison: Lap Shear

Treatment Lap Shear (MPa) sD cv
5CNC 4,317 0.10 3.28
2CNC 3.648 0.14 3.35

3N2AA5CNC 3.06¢ 0.10 4.10

CL 3.03¢ 0.11 5.70

3N2BA5CNC 2.48° 0.05 1.67

3N2AA2CNC 1.88F 0.19 10.23

3N2BA2CNC 1.842°F 0.14 3.80

*Means that do not share a letter are significantly different.
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Due to the variation in letter grouping of different treatments, the Dunnett’s multiple

comparison test shown in Table 28 was conducted to verify treatment effects. There appears to
be strong evidence that CNC, NaOH, and AA had a significant effect on lap shear as they did not
share a letter in the Dunnett’s test and had p-values of approximately zero, while BA was not
included due to its failure of the regression test. There was an observed decrease in lap shear due
to NaOH, possibly due to the caustic nature of NaOH impairing the fibers on the surface of the
wood (Rajeshkumar et al., 2021). Additionally, it was found that AA also improves the lap shear
of samples, likely due to the AA esterification of CNC and improved dispersion of CNC with
AA via acetylation (Tang et al., 2013). The improvement of lap shear using AA is supported by a
study that found that esterified CNCs increased the lap shear of various plastic films (Fotie et al.,
2020). BA did not appear to have a significant effect on lap shear as it failed the regression test,

likely due to its lack of solubility (Jasmani et al., 2016), hindering nano-dispersion during

ultrasonication.

Table 29: Dunnett’s Multiple Comparison: Lap Shear

NaOH N | Mean (MPa) | Grouping
0 (Control) | 15 3.82 A
3 20 2.00
CNC N | Mean (MPa) | Grouping
0 (Control) | 5 2.28 A
5 15 3.64
2 15 2.81
AA N | Mean (MPa) | Grouping
0 (Control) | 25 2.75 A
2 10 3.06

*Means not labeled with the letter A are significantly different (p < 0.05) from the control level
mean after multiple comparison corrections.
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4.2.8 Screw Withdrawal Test

Screw withdrawal tests were conducted using five samples from each formulation to
determine the various loads in which screws fail under tension. Screw withdrawal tests were
measured and calculated as per ASTM D1037 specifications. NaOH was expected to cause a
decrease in screw withdrawal due to the loss of lignin but an increase when combined with AA
or BA functionalized CNC due to their increased crystallinity and excellent mechanical
properties (Fotie et al., 2020). ANOVA analysis was used to determine the significant

differences between different formulations and factors (Table 30).

Table 30: Analysis of Variance: Screw Withdrawal

Source DF Adj SS AdjMS | F-Value | P-Value

NaOH 1 3.71E+05 | 3.71E+05 | 28.76 0.000
CNC 2 2.97E+04 | 1.49E+04 1.15 0.341
BA 1 2.16E+04 | 2.16E+04 | 1.68 0.214

Error 16 2.06E+05 | 1.29E+04

Lack-

of-Fit 1 3.34E+04 | 3.34E+04 2.9 0.109
Pure

Error 15 1.73E+05 | 1.15E+04

Total 20 7.29E+05

*The following terms cannot be estimated due to failing the regression test and were removed:
AA

Table 31 displays screw withdrawal values of seven formulations, including control. It
was found that the 3AN2BA5CNC treatment yielded the greatest screw withdrawal (1373 N),
while the 5CNC sample yielded the lowest screw withdrawal (894 N). No significant changes in
screw withdrawal occurred as a result of CNC impregnation. However, combined with
delignification, massive increases in screw withdrawal were observed. To confirm this

observation, Dunnett’s testing had to be conducted (Table 32).
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Table 31: Statistical Analysis and Tukey Comparison: Screw Withdrawal

Treatment Mean (N) SD cv
3N2BA5CNC 1373* 46.2 3.36
3N2AA5CNC 129848 73.4 5.65
3N2AA2CNC 112258 45.0 4.01
3N2BA2CNC 11008 109.5 9.95
CL 947 118.7 | 12.54
2CNC 907° 11.0 1.21
5CNC 894° 59.9 6.70

*Means that do not share a letter are significantly different.

Due to the sharing of multiple letters in the Tukey comparison test among several
samples, the Dunnett’s multiple comparison test shown in Table 32 was conducted to verify
treatment effects. There appears to be strong evidence that the delignification via NaOH led to a
significant increase in the screw withdrawal of SYP, from 868 N to 1262 N, as they did not share
a letter in Table 32, and a p-value less than 0.05 was observed in Table 30. The significant
increase occurred, likely because delignification compressed the cell walls and enhanced the
CNC penetration into the wood, increasing the overall hardness of the sample, while simply
CNC impregnation lacked thorough penetration. The same could not be observed for CNC and
AA, as they shared a letter in Table 32 with a p-value greater than 0.05. Moreover, BA was
excluded as it failed the regression test and could not be estimated. These results indicate that
delignification had a significant effect, increasing the mean screw withdrawal in Table 32. This
possibility is supported by the fact that the 3SN2BA2CNC and 2CNC treatments did not share a
letter in Table 31. Additionally, in a study where poplar wood was delignified and impregnated
with furfuryl resin, delignification alone decreased the dimensional stability of poplar and

collapsed the cell walls. However, when combined with furfuryl resin treatment, the compression
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of the cell walls and the impregnation of furfuryl resin caused increased uniformity in the

microstructure (Yang et al., 2019).

Table 32: Dunnett’s Multiple Comparison: Screw Withdrawal

NaOH N Mean (N) | Grouping
0 (Control) 9 869 A
3 12 1262
CNC N Mean (N) | Grouping
0 (Control) 3 1096 A
5 6 1096 A
2 12 1004 A
BA N Mean (N) | Grouping
0 (Control) 15 1113 A
2 6 1018 A

*Means not labeled with the letter A are significantly different (p < 0.05) from the control level
mean after multiple comparison corrections.

4.2.9 Nail Withdrawal Test

Nail withdrawal tests were conducted using five samples from each formulation to
determine the loads in which nails fail under tension. Nail withdrawal tests were conducted as
per ASTM D1037 specifications. NaOH was expected to decrease in nail withdrawal due to
lignin loss but an increase when combined with AA or BA functionalized CNC due to
delignification improving the penetration of the CNC nanosuspension, which has increased
crystallinity and excellent mechanical properties relative to the SYP (Fotie et al., 2020 and Luo
et al., 2022). ANOVA determined significant differences between different formulations and

factors (Table 33). The ANOVA table found significant changes only as a result of NaOH

delignification.
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Table 33: Analysis of Variance: Nail Withdrawal

Source DF Adj SS AdjMS | F-Value | P-Value
NaOH 806.67 | 806.667 4.56 0.049
CNC 157.33 78.667 0.44 0.649
BA 1 0.27 0.267 0 0.97
Error 16 2833.33 | 177.083
Lack-of-Fit 1 48 48 0.26 0.619
Pure Error 15 2785.33 185.689
Total 20 4642.57
*The following terms cannot be estimated due to failing the regression test and were removed:
AA

Table 34 shows the nail withdrawal values of seven formulations, including the control. It
was found that the 3N2AA2CNC treatment yielded the greatest nail withdrawal (66 N), while the
5CNC sample yielded the lowest nail withdrawal (32 N). No significant changes in nail
withdrawal occurred as a result of CNC impregnation. However, combined with delignification,

massive increases in nail withdrawal were observed.

Table 34: Statistical Means and Tukey Comparison: Nail Withdrawal

Treatment | Mean (N)| SD cv
3N2AA2CNC | 66.00" |5.16| 7.82
3N2BA2CNC | 56.00"® |5.08| 9.07
3N2BASCNC | 54.67°%¢ | 2.52| 4.60
3N2AASCNC | 49.33"8¢ | 1,53 | 3.10
CL 42.67%¢ |3.06| 7.16
2CNC 41.338¢ |9.61| 23.25
5CNC 32.00° |2.65| 8.27

*Means that do not share a letter are significantly different.

Due to the sharing of multiple letters in the Tukey comparison test among several

samples, the Dunnett’s multiple comparison test shown in Table 35 was conducted to verify
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treatment effects. There appears to be strong evidence that the delignification via NaOH had a
significant effect on the thickness swelling as SYP, increasing the mean nail withdrawal from
38.83 N t0 57.16 N in Table 35, as they did not share a letter and a p-value less than 0.05 was
observed in Table 33. The same could not be observed for CNC and BA, as they shared a letter
in Table 35 with a p-value greater than 0.05 in Table 33. Moreover, AA was excluded as it failed
the regression test and could not be estimated. The reason that the NaOH had a significant effect
is likely due to delignification enhancing the penetration of CNC throughout the sample. A study
where poplar wood was delignified and impregnated with furfuryl resin found that
delignification alone decreased the dimensional stability of poplar and collapsed the cell walls.
However, when combined with furfuryl resin treatment, the compression of the cell walls and the

resin made the poplar wood dimensionally stable (Yang et al., 2019).

Table 35: Dunnett’s Multiple Comparison: Nail Withdrawal

NaOH N Mean (N) | Grouping
0 (Control) 9 38.83 A
3 12 57.16
CNC N Mean (N) | Grouping
0 (Control) 3 52.00 A
2 12 48.67 A
5 6 43.33 A
BA N Mean (N) | Grouping
0 (Control) 15 47.83 A
2 6 48.17 A

*Means not labeled with the letter A are significantly different (p < 0.05) from the control level

mean after multiple comparison corrections.




74

5 CONCLUSIONS

The objectives of this project were: to optimize and validate an effective process of
impregnating wood with functionalized CNCs and determine critical variables influencing CNC
impregnation into the wood; to investigate the microstructural, physiological, and compositional
changes in wood impregnated with CNC; and to evaluate the physical and mechanical properties
of CNC-impregnated wood.

The first objective was completed using a solution-based alkali delignification technique
that increased the porosity of wood to enhance CNC impregnation. Delignification was followed
by an ultrasonication technique where an aqueous solution of functionalized CNC was
introduced into a chamber for even nanodispersion and impregnation into the wood. It was found
that ultrasonication impregnated the wood with CNCs while evenly dispersing the CNC
nanodispersion. The samples were then transferred into another vessel for vacuum pressure
impregnation to remove the air pockets and impregnate additional CNC into the wood using a
CNC solution.

The second objective was completed through FTIR, AFM, and FE-SEM. Microstructural
and morphological changes of the modified SYP were analyzed using FE-SEM, localized surface
properties of the SYP were examined using AFM, and the chemical compositional changes were
detected through FTIR. The investigation observed the collapse of the cell walls and lignin
removal through FE-SEM. AFM detected the presence of CNC in the sample through modulus
mapping and provided additional surface topography data. FTIR detected the presence of

functional groups and ester groups within the functionalized CNC-modified SYP.
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The third objective was completed through a series of ASTM D1037 and ASTM D2339
tests. The results found improvements in some physical properties (reduced water absorption
from 36.85% to 30.25% and thickness swelling from 8.258% to 5.205%) (Tables 7 & 10,
respectively) and some mechanical properties (increased MOR from 102.42 MPa to 171.12 MPa
and MOE from 11419 MPa to 19580 MPa) (Tables 17 & 20, respectively).

Overall, this study has shown that the combination of CNC's delignification,
densification, and impregnation has proven to increase certain mechanical properties such as
MOR and MOE, resulting in a 68% and 72% increase, respectively. Delignification enhanced
fastener withdrawal properties with little to no effect on moisture absorption properties. On the
other hand, other properties, such as lap shear (decrease from 3.03 MPa to 1.88 MPa) (Table 26),
were inhibited by this process. CNC vacuum-pressure impregnation had positive effects, such as
increased fastener withdrawal resistance, MOR, MOE, and lap shear strength. Overall, it appears
that the addition of CNC into SYP has the potential to be a high-strength engineering material
comparable to that of high-strength hardwood species, resulting in potential advanced
architectural or engineering applications such as cross-laminated timber and hardwood flooring.
It was found that the best wood impregnation treatment was 3N2AA2CNC. Further
improvements could be made in the treatment process by adding a heat compression
densification treatment of the wood samples to reduce water absorption and a uniform
microstructure (Taghiyari et al., 2017).

Moreover, a novel method for CNC detection was developed using AFM. It has been
discovered that the use of a box cutter to prepare samples for AFM mapping is a simple,

effective technique that prevented the risk of resin contamination and the work required for
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surface polishing. Clusters of CNCs concentrated in certain points of a 1 um? sample, along with
the smoothening of the SYP surface due to delignification. Future work includes additional
testing to determine the impregnation efficiency of wood due to the small mass of CNC being
impregnated into the wood prevents significant differences from being detected; industrialization
of the wood impregnation process, such as the use of this material in CLT, and as the use of
AFM could only provide an estimate of CNC impregnation on a small area of the wood, finding
a method to cut SYP samples smoothly to provide maps of larger areas across a wood sample
would greatly improve the images produced. There is also the possibility that alternative wood
impregnation techniques, such as the Lowry method, may be more suitable for impregnating
CNCs as a direct impregnation technique. Preliminary research observed at a 110% increase in
MOE and an 86% increase in MOR values through the replications of the AN2AA2CNC

treatment.
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