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“To develop a complete mind: Study the science of art; Study the art of science. 
Learn how to see. Realize that everything connects to everything else.” 

― Leonardo da Vinci 





Abstract 

Sustainable wood nanotechnologies that combine optical transmittance and mechanical 

performance are interesting for new functionalities utilizing transparency. Wood is a sophisticated 

bio-based material with a natural hierarchical, anisotropic and porous structure. The wood cellular 

structure can be functionalized at the micro and nanostructural level for the design of advanced 

functional materials. In recent years, the development of transparent wood biocomposites derived 

from delignified wood substrates have gained interest because they combine attractive structural 

properties with optical functionality. Nanostructural tailoring of transparent wood biocomposites 

is required to improve optical transmittance, mechanical performance, and to add new 

functionalities. In this thesis, environmentally friendly material components and green chemical 

processes have been developed for the fabrication of nanostructurally tailored transparent wood 

biocomposites. 

Mesoporous delignified wood substrates with preserved microstructure and cellulose 

microfibril alignment in the cell wall are used as reinforcement in transparent wood biocomposites. 

Chemical functionalization strategies using renewable maleic, itaconic and succinic anhydrides 

have been explored for molecular and nanostructural tailoring of delignified cell walls. Cyclic 

anhydride functionalization results in high degree of esterification, reduces moisture content in the 

wood substrate, improves monomer diffusion within the cell wall, and further enables interface 

tailoring at the molecular scale with possibility for covalent attachment with polymer matrix. 

Transparent wood biocomposites were prepared by methyl methacrylate monomer impregnation 

followed by in situ polymerization within the chemically modified wood substrates. The anhydride-

functionalized transparent wood biocomposites have improved wood-polymer interfacial 

interactions, resulting in improved optical and mechanical properties. Moreover, a bio-based 

polymer matrix was designed from renewable limonene oxide and acrylic acid for the fabrication of 

fully bio-based transparent wood biocomposites. The bio-based monomer can diffuse into the cell 

wall, and the polymer phase is both refractive index-matched and covalently linked to the wood 

substrate. The bio-based transparent wood biocomposites are nanostructured and demonstrate 

superior optical transmittance, low haze, and excellent mechanical performance. 

Nanostructural functionalization using phase-change materials is also demonstrated for the 

design of transparent wood biocomposites that combine thermal energy storage, tunable optical 

properties, and load bearing functions. Molecular and nanoscale interactions in transparent wood 

biocomposites are critical as they contribute to the favorable distribution of the phase-change 

material across the wood structure, which is a key component in optimizing thermal energy storage 

capacity. Bio-based design of transparent wood is also explored for thermal energy storage 

applications. Low environmental impact is achieved by combining the use of bio-based resources 

with green processing routes. Environmentally friendly transparent wood nanotechnologies can 

compete with petroleum-based plastics in applications such as load-bearing transparent panel and 

energy saving. 

 
Keywords: Transparent wood, biocomposite, eco-friendly, nanotechnology, bio-based polymer, 
green chemistry, functionalization, thermal energy storage.   



Sammanfattning 

Hållbara nanoteknologiska trämaterial som kombinerar optisk transparens med mekanisk 

prestanda är av intresse för nya applikationer där transparens nyttjas. Trä är ett sofistikerat 

biobaserat material med en naturligt hierarkisk struktur som är anisotrop och porös. Avancerade 

funktionella material kan framställas genom funktionalisering av träets cellstruktur på mikro- och 

nanonivå. Utvecklingen av transparenta träbiokompositer, som framställs från delignifierat trä, har 

under de senaste åren väckt intresse då materialen kombinerar attraktiva strukturella egenskaper 

med optiska funktioner. Strukturell kontroll på nanonivå är nödvändig för förbättrad optisk 

transmittans, mekanisk prestanda samt för att tillägga nya egenskaper. I denna avhandling har 

miljövänliga materialkomponenter och gröna kemiska processer använts för att strukturellt 

skräddarsy transparenta träkompositer på nanonivå. 

Mesoporösa och delignifierade träsubstrat med bevarad mikrostruktur och orientering av 

cellulosamikrofibriller i cellväggen används som förstärkning i transparenta träkompositer. 

Strategier för kemisk funktionalisering med förnybara malein-, itakon- och 

bärnstenssyraanhydrider har undersökts för att skräddarsy delignifierade cellväggar. 

Funktionalisering med cykliska anhydrider resulterar i hög förestringsgrad som minskar fukthalten 

i träsubstratet, förbättrar monomerdiffusion inom cellväggarna samt möjliggör ytterligare 

anpassning av gränsytor för kovalent bindning med polymermatris. Transparenta träkompositer 

framställdes först genom impregnering med metylmetakrylatmonomer följt av in situ 

polymerisation i de kemiskt modifierade träsubstraten. Transparenta träbiokompositer framställda 

från träsubstrat som funktionaliserats med anhydrider uppvisar förbättrade gränsytor mellan trä 

och polymer, vilket resulterar i förbättrade optiska och mekaniska egenskaper. En biobaserad 

polymermatris från förnybar limonenoxid och akrylsyra utvecklades sedan för att framställa helt 

biobaserade transparenta träkompositer. Den biobaserade monomeren kan diffundera in i 

cellväggen, och polymerfasen är både av överensstämmande brytningsindex med- och kovalent 

bundet till träsubstratet. De biobaserade transparenta träkompositerna är nanostrukturerade och 

uppvisar förbättrad optisk transmittans, lägre ljusspridning och utmärkt mekanisk prestanda. 

Transparenta träkompositer som kombinerar värmeenergilagring med reversibla optiska 

egenskaper och mekanisk prestanda har dessutom framställts genom funktionalisering med 

fasförändringsmaterial på nanonivå. Interaktioner på molekylär- och nanonivå är kritiska i 

transparenta träkompositer eftersom de påverkar fördelningen av fasförändringsmaterialet i 

trästrukturen, vilket är essentiellt för optimerad lagringskapacitet av termisk energi. Ett biobaserat 

alternativ har även utvecklats för lagring av värmeenergi i transparenta träkompositer. Genom att 

kombinera användningen av biobaserade resurser med gröna förädlingsprocesser kunde 

miljöpåverkan minskas. Miljövänliga och transparenta nanoteknologiska träkompositer kan 

konkurrera med petroleumbaserad plast i applikationer som bärande transparenta paneler och 

inom energibesparing. 

 
Nyckelord: Transparent trä, biokomposit, miljövänligt, nanoteknik, biobaserad polymer, grön 
kemi, funktionalisering, lagring av värmeenergi.  
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 Introduction 

One of the major challenges of the 21st century is to establish circular materials 

solutions with reduced energy demand that can help transit from fossil-fuel 

dependent societies towards sustainable societies. The 2030 Agenda for 

Sustainable Development adopted by the United Nations in 2015 defines the 17 

sustainable development goals that include protecting the planet from degradation 

and tackling climate change.1 Climate change significantly affects existing 

ecosystems and natural environment. Global warming is a direct consequence of 

greenhouse gas emissions, among which carbon dioxide (CO2) is the primary. The 

global atmospheric concentration of CO2 has increased exponentially due to human 

activities since the Industrial Revolution, and urgent actions should be taken to 

reduce CO2 emissions. The Paris Agreement, adopted by 196 parties committed to 

hold the global average temperature to below 1.5 °C above preindustrial levels,2 

requires “rapid, far-reaching and unprecedented changes in all aspects of society”. 

A transition from fossil-based finite resources towards renewable ones is 

needed to achieve sustainable development. Reducing the use and need for 

petroleum-based materials can be reached by the introduction of new technologies 

based on low carbon materials from renewable resources. For sustainable 

development, the use of bio-based materials with lowered CO2 emissions and green 

processing concepts is desired. Trees are one of the most abundant renewable and 

sustainable materials,3 sequestering atmospheric CO2 during biosynthesis. 

Therefore, sustainably harvested wood and its use in materials with long service-

life are important for sustainable development through CO2 storage.  

In this thesis, transparent wood biocomposites processed by in situ 

polymerization are investigated as sustainable material solutions for functional and 

load-bearing applications.  
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1.1. Thesis objectives 

Transparent wood biocomposites are interesting structural materials because 

of their versatile functional properties, including high optical transmittance and 

haze, mechanical robustness and low thermal conductivity, which make them 

attractive for various applications.  

In this thesis, modified wood veneers are suggested as nanostructured 

substrates for the design of transparent wood biocomposites, which are processed 

by monomer impregnation and in situ polymerization methods. The main research 

objective of this thesis is to achieve nanostructural control in transparent wood 

biocomposites. In particular, an attempt is made to control the distribution of 

polymer in the wood substrate reinforcement. Interface tailoring methods are 

developed for structural control at the nanoscale via the diffusion of monomer into 

the wood cell wall. The structural and physical properties, including optical and 

mechanical properties, of transparent wood biocomposites are investigated.  

This thesis summarizes green chemical modification and processing concepts 

for the sustainable development of transparent wood biocomposites. The 

engineering objectives include the synthesis of monomer from renewable resources 

for the design of fully bio-based transparent wood biocomposites processed by in 

situ polymerization.  

In Paper I, a green chemical functionalization platform based on renewable 

cyclic anhydrides is developed for molecular and nanostructural tailoring of wood 

substrates. Paper II demonstrates the design of a fully bio-based transparent wood 

biocomposite for structural applications. The nanoscale distribution of the bio-

based polymer matrix inside the wood reinforcement and its effects on the optical 

and mechanical properties of the biocomposites were investigated. The 

sustainability aspect of transparent wood biocomposites are discussed in Paper III. 

The use of transparent wood for thermal energy storage application was explored 

in Papers IV-V. The concept of transparent wood for thermal energy storage is 

described in Paper IV, and bio-based design for sustainable development is 

investigated in Paper V.   
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1.2. Sustainable development 

The term sustainable development was first defined in the Brundtland Report 

of the UN World Commission on Environment and Development in 1987: 

“Sustainable development is development that meets the needs of the present 

without compromising the ability of future generations to meet their own needs”.4 

It requires meeting essential needs in regards to economic growth and social 

development for long-term sustainability. To promote sustainable economic 

growth, the use of nonrenewable finite resources (e.g., fossil fuels and minerals) 

should be avoided because it reduces available feedstock for future generations. 

Thus, sustainable development requires assuring environmental protection over 

the long-term.5 In the past decades, the implementation of environmental 

standards through national legislations and international agreements have 

initiated momentum in the industry to establish new circular solutions to tackle 

climate change.  

Technological development is a key driver towards sustainable development.6,7 

Sustainable primary production and processing systems are needed to provide 

products with less environmental impact.8 Thus, life cycle assessment (LCA) is a 

useful tool to evaluate environmental impacts of a product starting from raw 

materials to product manufacturing, transportation, and end-of-life senarios.9 

From a materials perspective, eco-indicators such as the embodied energy (energy 

invested in creating 1 kg of usable material) and the carbon footprint (mass of CO2 

released into the atmosphere per unit mass of material) should be minimized to 

ensure sustainable development.10 Since petroleum-based materials have high 

carbon footprint, the use of renewable biological substitutes in a circular 

bioeconomy is important in order to achieve carbon neutrality.  

The development of bio-based and nanostructured materials for sustainable 

development is complex. The raw materials should have low embodied energy, the 

production step should limit factors contributing to environmental stress, and the 

final product should be durable for specific applications. Careful selection of 

biorenewable building blocks combined with green synthesis and process 

integration strategies are essential for sustainable development. 
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1.2.1. Renewable materials 

Globally transitioning to bio-based products is necessary to address fossil 

resources depletion and reduce the impact of global warming. The challenge is to 

develop new sustainable and high-performance materials that compete with state-

of-the art fossil-based counterparts. For this apparent reason, we need to build new 

material platforms from abundant and biorenewable carbon feedstock.11 Biological 

resources and ecosystems can be used in a sustainable, efficient and integrated 

manner to provide raw materials and building blocks for the design of bio-based 

products. Bio-based products prepared from renewable feedstock of low embodied 

energy are environmentally advantageous compared to products made from 

nonrenewable fossil hydrocarbons of high global warming potential. A variety of 

CO2 neutral biomass sources can serve as renewable feedstock platform. The 

renewable platform includes naturally occurring bio-based raw materials (e.g., 

natural fibers, wood), biochemicals and polymeric materials synthesized from 

biomass (e.g., carbohydrates, lignin, proteins, vegetable oils, terpenes), and 

upcycled biomass (e.g., waste and byproducts).12,13 The industrial production of 

biochemicals is essential to the production of low environmental impact 

materials.14 For instance, vegetable oil, terpenes, CO2, and carbohydrates can serve 

as renewable feedstock for the design of bio-based polymers.15–20 The U.S. 

department of energy has selected several platform chemicals that can be produced 

from biomass, such as succinic acid, itaconic acid and lactic acid.21,22 This has 

contributed to considerable progress in the commercialization of bio-based 

chemical building blocks through biological or chemical conversions of renewable 

raw materials.23  

Forest ecosystems are essential to global biodiversity and carbon 

sequestration.24 Sustainably managed forest, where harvested trees are 

continuously replanted, provides a renewable source of wood biomass. Wood is a 

sophisticated renewable material combining low environmental impact and cost 

with high mechanical performance. A variety of wood-based products can be 

designed from trees, and they offer great potential for sustainable development. 

The life cycle of wood-based products includes the growth and harvest of trees, the 

manufacturing of materials and products, the use phase, and end-of-life 

management (Figure 1.1).25 Today, engineered woods (e.g., glulam, cross-
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laminated timber) are used in structural applications, such as in building 

infrastructure, carrying dynamic and static loads.26 Biocomposites, based on 

renewable reinforcement embedded in a polymeric matrix, are well established and 

are interesting since they can combine low carbon footprint, lightweight, and 

mechanical performance.27 Top-down approach for the preparation of 

nanostructured biocomposites from wood veneers is favorable since wood has low 

environmental indicators, unique anisotropy and nanoscale assembly compared to 

composites prepared from extracted fibers.  

 
Figure 1.1. Life cycle of wood-based materials. Reproduced from Paper III.28  

To achieve sustainable development, the life-cycle of bio-based products should 

be considered. It is important to emphasize that using renewable feedstock (e.g., 

cellulosic substrates) is not enough to ensure overall sustainability.29 In particular, 

the consumption of energy and fresh water for the production and processing of 

bio-based materials should be minimized and end-of-life scenarios should be 

considered, including recycling possibilities.9 Moreover, eco-friendly processing 

routes should be applied for sustainable synthesis of biochemicals and design of 

new materials in order to reduce the use or generation of hazardous substances.30 

For sustainable development of wood composites, “green engineering” and “green 
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chemistry” concepts should be applied for the design of bio-based polymer systems 

and composite processing strategies.31–33 

1.2.2. Twelve principles of green chemistry 

The concept of “green chemistry” was first introduced in 1990s by the US 

Environmental Protection Agency to promote green chemical technologies. Green 

chemistry is defined as “the design of chemical products and processes that reduce 

or eliminate the use and generation of hazardous substances”. In 1998 Paul Anastas 

and John Warner formulated 12 Principles of Green Chemistry that advocate a 

sustainable approach to the synthesis, processing and use of chemicals.34 The 12 

principles provide criteria and directions for the design of sustainable materials. 

The 12 green principles (GPs) are;  

 

Waste prevention GP-1 

Atom economy GP-2 

Less hazardous chemical synthesis GP-3 

Designing safer chemicals GP-4 

Safer solvents and auxiliaries design GP-5 

Energy efficiency GP-6 

Use of renewable feedstock GP-7 

Reduce derivatives GP-8 

Catalysis GP-9 

Design for degradation GP-10 

Real-time analysis for pollution prevention GP-11 

Inherent safer chemistry for accident prevention  GP-12 

 

These GPs can be applied to wood chemical functionalization strategies. In 

order to meet green chemistry criteria, wood chemical functionalization should 

include the use of renewable reactants (GP-7), selective modification (GPs-1, 2, 8, 

9), nonhazardous (GPs-3–5, 12) and mild reaction conditions (GPs-6, 9).34–36 

Solvents should be replaced by eco-friendly alternatives (GPs-5, 7), recycled, 

reduced, or completely removed to minimize environmental impact.37–39  
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Sustainable development of wood composites should therefore focus on the 

systematic implementation of green chemistry and engineering concepts (see 

section 3.5.1).  

1.3. Hierarchical structure of wood 

Wood is an anisotropic cellular material with a defined organization at various 

structural levels.40 The wood hierarchical structure extends from the macroscale 

(stem level), to the microscale with the tissue structure (growth rings), and down 

to the nanoscale with the assembly of the cell wall layers and biopolymers 

(cellulose, hemicellulose, lignin). The structure of the wood tissue differs among 

species – softwoods (gymnosperms) versus hardwoods (angiosperms) – and 

among individual trees, since wood is produced by a natural growth process and 

adapts to the environment in which it develops.41 The hierarchical structure of 

hardwoods is depicted in Figure 1.2. Hardwoods feature a more complex 

microstructure than softwoods with specialized cells. At the tissue level, hardwoods 

mainly contain vessel elements and fiber cells extending in the longitudinal 

direction. Ray parenchyma cells are also present and extend in the radial plane 

perpendicular to the growth rings, accounting for 5–30% of the tissue volume.  

 
Figure 1.2. Hierarchical structure of hardwoods. The illustration shows the hardwood tissue 
and layered cell wall, in which cellulose microfibrils are embedded in a matrix of hemicellulose 
and lignin. 

The wood cells are elongated and have a hollow tube-like structure with varying 

cell wall thicknesses, depending on their function. The vessel elements are large, 
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open-ended cells for the effective conduction of water and sap throughout the 

longitudinal direction of the living tree, while fibers are a few millimeters long, 

smaller in diameter, close-ended, and have thicker cell walls to provide mechanical 

strength. In low-density balsa (Ochroma pyramidale) wood species (80-

300 kg/m3), the vessels are large with a dimeter of ≈250 µm while the fibers are 

≈40 µm in diameter (Figure 1.3a,b). The cell wall is thin with a thickness of ≈1 µm 

(Figure 1.3c). In contrast, high-density birch (Betula pendula) have smaller 

vessels (≈80 µm in diameter) and fibers (≈20 µm in diameter), and the cell wall 

thickness is about 3 µm. Hardwoods are interesting renewable substrates because 

of their unique microstructural features that can provide both opportunity for 

functionalization and the development of new sustainable and high performance 

materials.  

The cell wall is layered and highly structured with three main regions: the 

middle lamella, the primary wall layer, and the three secondary wall layers (S1, S2, 

S3). The lignin-rich middle lamella provides adhesion between adjacent cells, and 

is commonly referred as the compound middle lamella (CML) together with the 

thin (≈0.1 µm thick) primary wall. The cell wall layers vary in chemical composition 

and structural organization, and is itself a nanostructured composite consisting of 

oriented cellulose microfibrils embedded in a hemicellulose and lignin matrix.42 

About 50% of wood consists of cellulose, a linear polysaccharide of -1,4 linked D-

glucose units which are assembled in semi-crystalline microfibrils. The cellulose 

microfibrils have high aspect ratio with diameter of about 3-15 nm and length of 1-

3 µm.43 In the native cell wall layers, cellulose microfibrils have preferential 

orientation, with perpendicular orientation to the cell axis in the S1 and S3 layers. 

The S2 layer of the secondary wall accounts for about 80% of the total cell wall 

thickness and is made up of microfibrils oriented along the cell axis (10-30° off-

axis), which provides anisotropic mechanical strength and stiffness to the wood cell 

wall.44,45 The wood biopolymers are unevenly distributed across the cell wall at a 

ratio of about 40-50% cellulose, 25% hemicellulose and 25-35% lignin.46  

Besides its natural anisotropy and cell wall nanostructure, wood features a 

hierarchical porosity with microscale void space in the center of the cell called 

lumen, pores connecting adjacent cells called pits (Figure 1.3d,e), and nanoscale 

pores in the cell wall between cellulose fibrils (Figure 1.3f). The cell wall pore 
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structure is highly sensitive to drying conditions and any chemical cell wall 

treatment (e.g., delignification). The hierarchical porosity of wood provides 

opportunities for adding new functionalities 

 
Figure 1.3. a-b) SEM images of the cross-section of balsa wood with increasing magnification 
from left to right. c-d) SEM images of the longitudinal section of balsa wood with increasing 
magnification from left to right. 

1.4. Chemical tailoring of wood substrates 

In the recent years, wood nanotechnologies have emerged as a novel class of 

functional and nanostructured materials that take advantage of the native wood 

anisotropy and cell wall nanostructure.47 Direct use of nanostructured wood 

substrates without energy-consuming disassembly (e.g., mechanically defibrillated 

cellulosic fiber and nanofibers) offers opportunity for sustainable development 

because of their low cumulative energy demand.48 The hierarchical porous 

structure of wood substrates is advantageous for functionalization at desired 

structural level using top-down approaches via chemical functionalization or 

impregnation techniques.49 Wood modification is motivated by moisture stability, 

compatibilization with polymers, and the opportunity to integrate new functions.  

1.4.1. Delignification 

Nanostructured wood-based materials are prepared by various chemical and 

embedding strategies of the wood structure to achieve a specific function. However, 
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the low permeability of the dense wood cell wall remains a major challenge for 

wood functionalization and efforts to improve cell wall accessibility are needed to 

allow functionalization of the cell wall at the nanoscale. An efficient approach to 

improve cell wall accessibility in wood substrates is the partial and selective 

removal of wood components. Delignification treatments enable the full or partial 

removal of lignin while preserving the anisotropic wood cellular structure and cell 

wall nanostructure.50–52 For wood substrates, structure-retaining delignification 

can be applied to selectively remove lignin while retaining cellulose and 

hemicelluloses. Partial lignin removal generates porosity, both at the microscale in 

the middle lamella/cell corner regions and at the nanoscale inside the cell wall. 

(Figure 1.4a).53–55  

 
Figure 1.4. a) Illustration of wood substrate before and after delignification treatment. Porosity 
is generated at the microscale and nanoscale inside the cell wall. b) Wood cell wall swelling, 
which facilitates chemical modification. Figure reproduced from Paper III.28  

Various delignification treatments can be employed with chemicals such as 

sodium chlorite,50 sodium hypochlorite,56 and peracetic acid (PAA)57. PAA is 

advantageous in the context of green chemistry since it is chlorine-free and is 

directly produced from the biochemicals acetic acid and hydrogen peroxide.58–60 

The obtained mesoporous delignified wood (DW) substrates have usually a lignin 

content of around 1–2%, which is sufficient to keep their structural integrity. DW 

substrates obtained by structure-retaining delignification are interesting because 

of their improved cell wall accessibility and high specific surface area (up to 

300 g/m2 for swollen cell walls),61 which facilitates insertion of molecules or 

inorganic nanoparticles in the cell wall and offers potential for 

functionalization.47,57,62,63 Other important considerations for cell wall accessibility 

are cell wall swelling and solvent-exchange procedures to preserve swollen porous 
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morphology of DW substrates. A swelling agent, such as acetic acid, can be used to 

further expand the cell wall (Figure 1.4b). Since the delignified cell wall is highly 

sensitive to drying methods, the use of sequential solvent-exchange procedure is 

preferred to drying from water that can collapse the mesoporous structure by 

capillary forces.64,65  

1.4.2. Cell wall functionalization  

Wood nanotechnology based on sustainable and functionalized DW substrates 

is an expanding field of research because of the potential applications in many 

areas.63 Wood functionalization includes chemical modification of the cell wall 

biopolymers, and insertion of low molecular weight molecules or inorganic 

nanoparticles into the cell wall. Wood chemical modification strategies are 

commonly performed by substituting or adding chemical functional groups to the 

cell wall.66 The cell wall biopolymers, especially cellulose and hemicellulose 

polysaccharides, contain abundant hydroxyl groups useful as reactive sites for 

functionalization.  

Cell wall chemical modification strategies were first established for dimensional 

stability and biological resistance purposes.67 Although the use of wood substrates 

without chemical modification would reduce environmental impact indicators, 

moisture-induced shrinkage and swelling remains a limitation because it affects 

mechanical performance and impedes opportunity to integrate new functions. 

Wood substrates are hygroscopic in nature due to their high concentration of 

hydroxyl and acid functional groups, which are the main contributors to moisture 

sorption.68 In particular, the delignified cell wall becomes very sensitive to moisture 

due to the removal of lignin and improved permeability. Various cell wall 

modification strategies are available to reduce moisture uptake, including chemical 

functionalization to substitute hydroxyl groups by less polar functional groups,69 

cell wall bulking to reduce available space for moisture,70 cross-linking to limit 

swelling,71,72 and thermal treatments.73  

Chemical functionalization of the cell wall can be performed using 

esterification, etherification or graft-polymerization methods.74 A common 

esterification method for wood dimensional stabilization is acetylation, by which 

hydroxyl groups are functionalized by less polar acetyl groups.75,76 Another 
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approach operates via bulking effect and relies on the impregnation of low 

molecular weight monomers or oligomers inside the cell wall to reduce available 

space for moisture.77,78 In situ polymerization or grafting polymerization 

approaches can be used to impregnate or anchor polymer chains within the cell wall 

for bulking treatment.79–85 Cell wall functionalization can also be used for interface 

tailoring in biocomposites to improve molecular interactions between cellulosic 

reinforcement and polymer matrix.86 

Research into the functionalization of wood is catalyzed by the development of 

wood nanotechnology.47 Wood modification strategies based on the diffusion of 

polymer or inorganic components have been explored to tailor the wood structure 

at various levels (cell wall, lumen) for specific functional design.49,87 For instance, 

wood hybrids have been prepared by diffusion of nanoparticles inside the cell wall 

for improved fire-retardancy,57,88–90 magnetism,91,92 and energy storage.93–98  

Wood nanotechnologies using greener synthesis pathways were recently 

prepared for functional applications.88,99 But ecological concerns remain regarding 

the chemical synthesis approaches employed, which are often based on the use of 

non-environmentally friendly treatment, including toxic organic solvents and 

reactants from petrochemical production. If chemical functionalization treatments 

for wood are required, they should be environmentally friendly. Green 

functionalization approaches for wood substrates have been explored in the recent 

years.100 For instance, cell wall bulking treatments using renewable flavonoids,101 

furfuryl alcohol,102 citric acid and low molecular weight polyols103 were explored for 

dimensional stability tailoring. Succinylation, using bio-based succinic 

anhydride,104,105 is another greener approach to introduce carboxylic acid groups 

on cellulose surface. However, in most reports succinylation is performed using 

toxic catalysts and organic solvents without possible recovery.106–108 Green polymer 

grafting approaches were also applied to cellulosic surfaces through ring-opening 

polymerization of biodegradable lactones.109–111 Yet, few reported wood 

modifications combine renewable reactants with environmentally friendly 

processes.112,113 For this reason, the present thesis put emphasis on the design of 

green wood modifications that implement green chemistry principles for 

sustainable chemical tailoring.  
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1.5. Transparent wood biocomposites 

The design of novel wood nanotechnology concepts is of interest to extend the 

application range beyond traditional use of wood materials. Transparent wood 

(TW) biocomposites are nanostructured wood materials that combine optical 

transmittance and load-bearing properties. The preparation of TW was first 

reported in 1992 by Fink for morphological studies of the wood structure.114 It is 

later in 2016 that TW biocomposites were developed for engineering applications, 

in an attempt to combine optical transmittance and structural integrity.115 TW is 

obtained from wood substrates by a two-step procedure, which consists of first 

removing the light-absorbing chemical groups from wood, followed by monomer 

filling and in situ polymerization to form a polymer with refractive index close to 

that of the wood cell wall (Figure 1.5).  

 
Figure 1.5. Illustration of the transparent wood (TW) biocomposite preparation. The inset 
SEM micrographs show the cellular structure of native balsa wood, delignified wood (DW), 
and TW biocomposite (the scale bar corresponds to 20 µm). The photographs correspond to 
native wood veneer (left), DW veneer (center), and TW biocomposite (right). 

In native wood, chromophore groups of lignin are responsible for 80–95 % of 

light absorption, providing wood its natural brown color,116,117 while cellulose and 

hemicelluloses are optically colorless in visible spectrum. In order to remove light-

absorbing chromophores in wood substrates, delignification or lignin-retaining 
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bleaching treatments can be performed.118–121 Delignification is the preferred 

method to facilitate removal of light-absorbing chromophores while 

simultaneously generating nanoscale porosity in the cell wall which is useful for 

further functionalization. In contrast, the lignin-retaining method is advantageous 

to provide substrates with higher mechanical integrity. 

Moreover, the choice of the impregnated polymer matrix is determinant to the 

final optical properties of the TW. The polymer matrix needs to have well-matched 

refractive index to the DW substrate (≈1.54)122 in order to reduce light scattering 

effects between phases of different optical properties. Commonly, fossil-based 

poly(methyl methacrylate) (PMMA),115 epoxy/amine123 or thiol-ene124 systems have 

been used as polymer matrices for TW preparation.  

TW biocomposites demonstrate attractive physical properties including low 

density (1.2 g/cm3), low thermal conductivity (≈0.3 W m-1 K-1 along the fiber 

direction),125 and potential for scalability.126–128 TW composites exhibit favorable 

anisotropic mechanical and optical properties. Thus, despite the poor mechanical 

integrity of mesoporous DW substrate,115 its reinforcement effect is high in TW 

biocomposites, with reported tensile strength up to ≈270 MPa and elastic modulus 

of ≈20 GPa in the longitudinal direction (parallel to the fiber) for TW prepared from 

high-density wood species.129 The tensile properties are dependent on the wood 

volume fraction,115 and high-density wood species are desired for improved 

mechanical performance.  

The optical properties of TW are attractive because it provides both high 

transmittance (≈90% for 1.5 mm thick)127 and high haze (≈80% for 1 mm thick).125 

Figure 1.6a shows the optical properties of reported TW in the literature at this 

date. The unique optical properties of TW originate from the wood anisotropic 

structure and light scattering effects.130 Transmittance is influenced by light 

absorption (residual lignin) and scattering events in the TW composite. Light 

scattering in TW originates from interfaces between phases of different optical 

properties, such as refractive index mismatch between wood/polymer matrix and 

nanoscale defects (e.g., residual porosity, interface debonds) that act as scattering 

centers.131  

Processing challenges remain to obtain high optical transmittance for thick and 

large TW structures. Transmittance is increasingly reduced with greater thickness 
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because of increased light attenuation due to scattering effects.132 Achieving high 

transmittance relies on polymer matrix selection, chemical functionalization for 

polymer-cell wall interphase tailoring, and nanostructural control with diffusion of 

monomer inside the cell wall so that defects content is low. Acetylation treatment 

of the wood cell wall is useful to improve transmittance by facilitating monomer 

diffusion into the cell wall and thereby minimizing scattering centers.127,133 To 

circumvent thickness limitations during monomer impregnation, laminated 

plywood structures provide advantages, and can combine high optical 

transmittance with mechanical performance.134,135  

 
Figure 1.6. a) Optical haze versus transmittance at a wavelength of 550 nm for documented 
transparent wood biocomposites.56,70,115,118,121,123–129,132,134,136–156 Numbers in parenthesis 
represent the thickness in millimeters. b) Structural modification and functionalization 
strategies for transparent wood biocomposites (reproduced from reference49).  

Haze is another important parameter of TW optical properties which is defined 

as forward scattered light at angles greater than 1.5°. In practice, haze corresponds 

to the ability to observe an object clearly through the material. TW biocomposites 

have high haze and it is strongly affected by microscopic features, such as wood 

microstructure and related light scattering events within the material. In TW 

materials, the haze depends on the refractive index mismatch between polymer and 

wood substrate and on scattering defects such as air voids. Although optically TW 

materials with high haze are advantageous for specific applications such as diffused 

lighting and solar cells,138,141,157 recent research studies have been oriented towards 

method development to reduce haze. For instance, the haze can be reduced by using 
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chemical treatments such as acetylation127,154 and bleaching124 to improve 

compatibility at the wood-polymer interfaces, or by reducing wood content.145 

Further functionalization of TW biocomposites by active molecules or inorganic 

nanoparticles is interesting to extend the concept for engineering applications. 

Multifunctional TW combining optical transmittance with other functions can be 

designed by the addition of a functional third-phase component to the polymer 

matrix and/or the cell wall (Figure 1.6b).139,148,151,156–162 For example, quantum 

dots were added to the polymer matrix to obtain TW with luminescent 

properties,157,160 while heat-shielding properties could be obtained by the inclusion 

of near-infrared absorbing nanoparticles.156,161 The main challenge when designing 

multifunctional composites is to achieve component diffusion inside the cell wall 

to fully utilize the wood structure and create a nanomaterial effect to maximize 

performance.  

Despite the success of TW research development, challenges remain with 

respect to tailoring optical and mechanical properties, development of green 

modification and engineering concepts for TW sustainable development, and the 

design of nanostructured TW for advanced applications. 

1.6. Polymer matrices for in situ polymerization 

The development of TW biocomposites with favorable optical and mechanical 

properties relies on the selection of the polymer matrix. For biocomposites used in 

structural applications, polymer systems with long service life and durability are 

required.163 The polymer refractive index should be well matched with the wood 

substrate in order to reduce light scattering effects within the material. Petroleum-

based PMMA polymer has been used as matrix for the preparation of TW, however 

the refractive index (1.49) is not fully matched with delignified substrates (1.54).  

Another major challenge for the sustainable development of TW biocomposites 

is to develop fully bio-based polymers that can compete with their fossil-based 

equivalents.164 Although the use of bio-based monomers is beneficial for wood 

composite applications, their use is not common because of associated complex 

polymerization synthesis and difficult scalability.27 Better understanding of design 

for bio-based polymers and composites is needed to develop fully bio-based 
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composites for structural applications. Bio-based monomers should be compatible 

with existing impregnation and polymerization strategies for composite 

processing.  

In the context of TW fabrication, diffusion of monomer followed by in situ 

polymerization is desired to achieve nanostructural control of the wood cell wall. 

Free radical polymerization is a chain-growth polymerization technique for vinyl 

monomers. The advantage of this polymerization strategy for natural fiber 

composite application is that it is applicable for in situ polymerization processing 

and can proceed even in the presence of residual moisture. In addition to 

processing requirements, the bio-based polymer system should meet criteria 

including amorphous polymer structure and high optical transmittance, high glass 

transition temperature (Tg>100°C), favorable molecular interactions with the wood 

cell wall, and sustainable synthesis should be integrated with green chemistry and 

engineering concepts such as solvent-free processing and low energy requirements. 
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 Materials and Methods 

A brief description of the experimental methods is reported in this chapter. 

Further details are available in the appended papers at the end of this thesis. 

2.1. Materials 

2.1.1. Wood veneers 

Balsa wood (Ochroma pyramidale) veneers with oven-dried densities of 103–

304 kg/m3 and thicknesses of 1–1.2 mm, 2 mm and 3 mm were purchased from 

Material AB (Sweden). Silver birch wood (Betula pendula) veneers with an oven-

dried density of 593–620 kg/m3 and thicknesses of 0.5–0.7 mm and 1.5 mm were 

purchased from Glimakra AB (Sweden). Alder (Alnus glutinosa) with an oven-

dried density of 510 kg/m3 and beech (Fagus sylvestris) with an oven-dried density 

of 631 kg/m3 and thickness 0f 0.7 mm were purchased from Calexico Wood AB 

(Sweden). The veneer substrates have fibers oriented in the longitudinal direction, 

along the wood plane. 

2.1.2. Chemicals 

All chemicals were purchased from Sigma-Aldrich (Sweden) and were used as 

received unless otherwise noted.  

Chemicals for wood chemical modification. Sodium chlorite (NaClO2, 80%, Alfa 

Aesar), peracetic acid (PAA, CH3COOOH, 40%), maleic anhydride (MA, 99%), 

itaconic anhydride (IA, 95%), succinic anhydride (SA, ≥99%) were used for wood 

modification. Bio-based succinic acid was donated by Matsen Chemie AG 

(Germany). Acetone (≥99.5%) was purchased from VWR. 
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Chemicals for limonene acrylate (LIMA) monomer synthesis. Ethyl acetate 

(EtOAc, ≥99.5%), acrylic acid (99%), 4-methoxyphenol (≥98.0%), limonene oxide 

(97%), sodium carbonate (Na2CO3, ≥99.5%) were used as received.  

Chemicals for transparent wood (TW) preparation. Methyl methacrylate (MMA, 

99%) was passed through a column of aluminum oxide prior to use to remove the 

inhibitor. 2,2′-Azobis(2-methylpropionitrile) (AIBN, 98%) was used as radical 

initiator. Poly(ethylene glycol) (PEG) with a molecular weight of 1000 g/mol and 

1-dodecanol (98%) were used as received. 

2.2. Experimental methods 

2.2.1. Delignification 

Chlorite delignification. Delignification was performed using NaClO2 (1 wt%) in an 

acetate buffer solution (pH 4.6) at 80 °C. The reaction was stopped once the wood 

samples became white and a lignin content of ≈2% was obtained.  

Peracetic acid delignification. The peracetic acid (PAA) delignification treatment 

was performed using an aqueous PAA solution (4 wt%, pH 4.8). The delignification 

was left to proceed for 4–6 h at 80 °C until the samples became white.  

After delignification, the delignified wood (DW) substrates were thoroughly 

washed several times with deionized water and solvent exchanged to acetone. The 

samples were left in acetone until further use. 

2.2.2. Ring-opening esterification with cyclic anhydrides 

Ring-opening esterification was performed on DW substrates using MA, IA, or SA. 

The ring-opening esterification reaction of SA is termed as succinylation. The DW 

were left to react under neat conditions in MA for 24 h at 100 °C, IA for 24 h at 

80 °C and SA for 0.5 h at 130 °C, without stirring. After the reaction, the wood 

substrates were washed with acetone five times. The functionalized wood 

substrates modified with MA, IA and SA are abbreviated as DW-MA, DW-IA and 

DW-SA, respectively. 
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2.2.3. Limonene acrylate monomer synthesis 

LIMA was obtained by ring-opening acrylation of limonene oxide with acrylic acid. 

The desired amount of limonene oxide (1 mol eq.) and acrylic acid (4 mol eq.) was 

added to a round bottom flask equipped with a magnetic stirrer. 4-Methoxyphenol 

(0.04 mol eq.) was added as radical scavenger to suppress any self-polymerization. 

The reaction mixture was bubbled with Ar for 5 min at ambient temperature to 

remove any residual oxygen. The round bottom flask was capped and immersed in 

an oil bath set at 75 °C for 3 h. After the reaction, the mixture was cooled to ambient 

temperature, and decanted with deionized water and EtOAc. LIMA was isolated at 

a yield above 85% after simple washing with Na2CO3 that was added portion wise 

to the mixture under stirring until no more CO2(g) was formed. After deprotonation 

of acrylic acid, the mixture was poured in a separation funnel and the EtOAc phase 

was isolated and washed three times with NaHCO3 (sat.), and finally two times with 

NaOH (10 wt%) to remove the radical scavenger. The EtOAc phase was dried with 

anhydrous MgSO4 and concentrated to yield the product LIMA as a transparent oil 

(87% yield). 

2.2.4. Preparation of transparent wood biocomposites 

Preparation of TW biocomposites. MMA was pre-polymerized at 75 °C with 

0.3 wt% AIBN. The reaction was stopped after 17 min (≈20% conversion) by rapidly 

cooling the pre-polymerized solution with ice. Unmodified DW and modified DW-

MA, DW-IA, DW-SA substrates were impregnated with the pre-polymerized MMA 

solution for 2-6 h under vacuum conditions at room temperature. The impregnated 

substrates were then placed between two glass slides, packaged in aluminum foil, 

and polymerized at 40 °C for 24 h and then at 70 °C for another 24 h. The resulting 

transparent wood biocomposites are termed as TW, and the biocomposites 

functionalized with MA, IA, and SA are termed as TW-MA, TW-IA and TW-SA, 

respectively (Figure 2.1). 
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Figure 2.1. Illustration of the preparation of transparent wood (TW) biocomposites from 
functionalized wood substrates via impregnation and in situ polymerization of MMA. Figure 
adapted from Paper I.70  

Preparation of bio-based TW biocomposites. DW and DW-SA substrates were 

impregnated under vacuum for 2–6 h with LIMA monomer containing 0.5 wt% of 

AIBN as initiator. The impregnated samples were then placed between two glass 

slides, packaged in aluminum foil, and polymerized at 75 °C for 24 h. The resulting 

biocomposites are termed as bio-based TW and TW-SA.  

2.2.5. Preparation of transparent wood biocomposites for thermal 
energy storage  

Preparation of TW biocomposites for thermal energy storage (TES) from 

PEG/PMMA. MMA monomer (30 wt%) was mixed with PEG 1000 (70 wt%) as 

phase-change material (PCM). AIBN (0.3 wt% based on MMA) was then added to 

the PEG/MMA solution and the blend was continuously stirred at 45 °C for 10 min. 

Birch DW substrates were then immersed in the PEG/MMA blend solution for 

impregnation under vacuum for 50 min. The impregnated wood substrate was 

sandwiched between two glass slides, packaged with aluminum foil, and 

polymerized in an oven at 70 °C for 4 h. The resulting biocomposites, which consist 

of DW reinforcement and PEG/PMMA matrix, are termed as TW-TES. 

Preparation of bio-based TW-TES biocomposites from 1-dodecanol/PLIMA. The 

PCM, 1-Dodecanol (70 wt%), was mixed with LIMA monomer (30 wt%) at 30 °C. 

AIBN (0.5 wt% based on LIMA) was added as initiator to the 1-dodecanol/LIMA 

mixture, which was kept under stirring at 30 °C until further use. Birch DW-SA 

substrates were immersed in the 1-dodecanol/LIMA mixture and left under 

vacuum at 30 °C for 2 h (Figure 2.2). The impregnated DW-SA substrates were 
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then placed between two glass slides, packaged in aluminum foil, and polymerized 

at 75 °C for 12 h. The resulting bio-based biocomposites, consisting of DW-SA 

reinforcement and 1-dodecanol/PLIMA matrix, are termed as bioTW-TES. 

 
Figure 2.2. Illustration of the preparation procedure of the bio-based transparent wood for 
thermal energy storage (bioTW-TES). Figure adapted from Paper V.  

2.3. Characterization techniques 

2.3.1. Chemical composition and analysis 

Lignin and carbohydrate content. The lignin content of the native and delignified 

wood substrates was determined by the Klason lignin TAPPI T 222 om-2 method.165 

Carbohydrate analysis was performed using a Dionex ICS-3000 ion 

chromatography system (Thermo Fisher Scientific, USA). The main 

monosaccharides determined are arabinose, galactose, xylose, mannose and 

glucose, where the cellulose content was assumed equal to the glucose content.  

Fourier transform infrared (FTIR) spectroscopy. A Spectrum 100 FTIR 

spectrometer (PerkinElmer, USA) equipped with a Golden Gate diamond ATR 

(Gaseby Specac Ltd, UK) was used to assess the effects of the chemical 

modifications on wood substrates. Spectra were recorded at room temperature over 

the range 4000–600 cm−1 with a 4.0 cm−1 resolution. 

Conductometric titration. The carboxyl content of the wood substrates was 

determined by conductometric titration using a Metrohm 702SM Titrino titrator 

(Switzerland). The degree of substitution was calculated from the carboxyl charge 

density, assuming that wood consists of 100% cellulose and that one −OH group 

from an anhydroglucose unit (Mw = 162 g/mol) reacts. 
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2.3.2. Morphology 

Thin wood cross-sections (≈60 µm thick) were obtained by sectioning wet wood 

samples with a microtome (Leica SM2010 R Sliding Microtome, Germany), 

exchanged to ethanol absolute. Followed by drying with supercritical CO2 in a 

critical point dryer (Autosamdri-815, Tousimis, USA). Cross-sections of the TW 

biocomposites were prepared using an ultramicrotome (MT-XL, RMC, UK) 

equipped with a glass knife. 

High-resolution images were captured using a Hitachi S-4800 (Japan) field-

emission scanning electron microscope (FE-SEM). All samples were Pt/Pd 

sputtered under vacuum (Cressington 208HR, UK) prior to imaging. Energy 

dispersive X-ray spectroscopy mapping and point measurements were carried out 

using the FE-SEM equipped with an X-Max 80mm2 detector (Oxford Instruments, 

UK). SEM images of fracture surfaces were captured using a TM-1000 tabletop 

SEM (Hitachi, Japan). 

Transmission electron microscopy (TEM) was performed using a JEM-2100Plus 

(Jeol Ltd, Japan) for cell wall analysis. Ultrathin sections of transparent and 

delignified wood were prepared at low temperature (-20 – -90 °C) using an Ultracut 

UC6 microtome and an FC7 cryo-chamber (Leica Microsystems GmbH, Austria) 

with a 35° dry cryo diamond knife (DiATOME, Switzerland). The sections were 

collected on glow-discharged carbon-coated copper grids, freeze-dried,166 and 

exposed to osmium tetroxide vapor for 30 min. All the electron micrographs were 

recorded using a Gatan Rio 16 camera (Gatan Inc., USA) using the SerialEM 

program.167 

2.3.3. Specific surface area 

Nitrogen physisorption was carried out at 77 K using a MicroActive 3Flex 3500 

surface area and pore size analyzer (Micromeritics, USA). Before measurements, 

the samples were dried using supercritical CO2 and degassed at 70 °C for 48 h on a 

SmartVacPrep degassing system (Micromeritics, USA). Specific surface area (SBET) 

was calculated from the adsorption isotherm in the relative pressure range of 0.01–

0.3, according to a multipoint Brunauer−Emmett−Teller (BET) method. The total 

pore volume was determined from adsorption and desorption isotherms.  
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2.3.4. Moisture sorption 

Moisture sorption experiments were carried out in a controlled-humidity chamber 

at 22 °C. The relative humidity (RH) was sequentially set to 0%, 12%, 50%, 75%, 

and 94% with saturated salt solutions,168 where 0% RH corresponds to the oven-

dry weight. The samples were left at each RH for 2 weeks before weighing.  

2.3.5. Optical properties 

Samples with dimensions of 1.5 cm × 1.5 cm and thickness range of 0.5–3 mm were 

prepared for optical measurement. Total transmittance and haze of the samples 

were acquired with an integrating sphere according to the ASTM D1003.169 The 

optical measurements were performed by setting a sample in front of an input port 

of the integrating sphere and a quartz tungsten halogen light source (model 66181, 

Oriel Instruments) was applied as the incident beam with strong, stable output 

mainly in the visible and NIR region. The output light was collected through an 

optical fiber connected to the output port of integrating sphere. The haze 

corresponds to forward scattered light at large angles (>1.5°), and it is defined as 

being proportional to the ratio of diffused photons to the total amount of 

transmitted photons. The haze was calculated according the following equation:  

where T1 (incident light), T2 (total light transmitted by the specimen), T3 (light 

scattered by the instrument) and T4 (light scattered by both the instrument and 

specimen) were measured according to the ASTM D1003 standard.  

2.3.6. Thermal properties 

Differential scanning calorimetry (DSC). DSC thermograms were acquired with a 

Mettler Toledo DSC1 instrument (Switzerland) at a heating rate of 2–10 °C/min 

under a nitrogen flow of 50 mL/min. The data from the second heating was used 

for analysis. The latent heat was determined by numerical integration of the area 

of the thermal transition peak, and the phase-change temperature was taken as the 

maximum of the transition peak. For polymer matrices and biocomposites 

containing PCMs, the theoretical latent heat (∆𝐻 ) of melting and crystallizing 

were defined as follow:  

𝐻𝑎𝑧𝑒  
𝑇4
𝑇2

–
𝑇3
𝑇1

 100 (1) 
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∆𝐻 𝑋 ∆𝐻  (2) 

where ∆𝐻  is the latent heat of the neat PCM, and X is the mass fraction of PCM 

in the material. The degree of crystallinity of the PCM phase in the biocomposite 

was estimated by normalizing the latent heat of melting (∆𝐻 ) of the biocomposite 

to that of neat PCM following Equation (3), with 𝑊  the weight fraction of PCM 

in the biocomposite:  

𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦 
∆𝐻

𝑊 ∆𝐻
 (3) 

2.3.7. Thermo-mechanical analysis  

Dynamic mechanical thermal analysis (DMTA). DMTA was carried out using a 

DMA Q800 (TA Instruments, USA). Specimen of 20 × 5.0 × 0.5 mm3 were 

subjected to strain of 0.05% of sample length with a frequency of 1 Hz in tensile 

mode with a heating rate of 3.0 °C min-1. The glass transition temperature (Tg) was 

taken at the maximum peak of the tan curve. 

2.3.8. Mechanical properties 

For mechanical testing, the samples were cut in 5 mm × 5 cm strips and 

preconditioned for 48 h at 50% RH before measurement. The tests were carried out 

at a temperature of 22 °C and 50% RH unless otherwise stated.  

Tensile test. The tensile tests were performed on a universal testing machine 

(Instron 5944, USA) equipped with a 2 kN load cell and a video extensometer. The 

tests were carried out with a 10% min-1 strain rate and span of 20 mm.  

Three-point bending test. The bending tests were performed on a universal testing 

machine (Instron 5944, USA) equipped with a 500 N load cell. The tests were 

carried out with a 10% min-1 strain rate and span of 20 mm. For bioTW-TES 

biocomposites, the tests were performed rapidly after conditioning at 5 °C (T<Tm) 

and 30 °C (T>Tm). 
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2.3.9. Micromechanics equations 

Volume fraction and porosity 

The volume fraction (𝑉𝑖) was estimated from the weight fraction (𝑊𝑖) of the ith 

component following the equation:  

𝑉 𝑊
𝜌
𝜌

 (4) 

where 𝜌𝑖 is the density of the ith component and 𝜌𝑐 the theoretical density of the 

biocomposites, which is equal to: 

1
𝜌

𝑊
𝜌

 (5) 

where Wi and 𝜌𝑖 are the weight fraction and density of the ith component 

respectively. The densities of the biocomposites components are: DW cell 

wall = 1500 kg/m3, PMMA = 1150 kg/m3, PLIMA = 1134 kg/m3, PEG = 1200 kg/m3, 

1-dodecanol = 831 kg/m3. 

The porosity (𝜙) is defined using Equation (6), where 𝜌  is the experimental 

density of the biocomposite. 

𝜙
𝜌  – 𝜌

𝜌
 (6) 

Effective axial wood cell wall modulus Ef and tensile strength f 
A simple mechanics analysis based on an idealized honeycomb-like wood structure, 

inspired by Gibson and Ashby,170,171 can be used to estimate effective cell wall 

modulus 𝐸  and strength 𝜎  for axial tensile loading. The volume fraction of wood 

cell wall 𝑉  for native wood is expressed as: 

𝑉  
𝜌∗

𝜌
 (7) 

The ratio (𝜌∗/𝜌𝑓) is also termed relative density, where 𝜌∗is the density of the 

porous cellular wood material and 𝜌𝑓 refers to cell wall density, assumed to be 

1500 kg/m3. For neat wood, the modulus 𝐸∗ of porous wood is then given by the 

effective cell wall modulus 𝐸  divided by the total cross-sectional area. The effective 

cell wall modulus 𝐸  can be calculated using Equation (8) from experimental data 

for 𝐸∗ and 𝑉  estimate. 
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𝐸∗ 𝐸
𝜌∗

𝜌
𝐸 𝑉  (8) 

 

For longitudinal wood tensile strength 𝜎∗, an analogous expression is used in 

Equation (9), where 𝜎  is the effective cell wall tensile strength for loading in the 

longitudinal direction. 

𝜎∗ 𝜎
𝜌∗

𝜌
𝜎 𝑉  (9) 

For polymer matrix composites, we assume that the empty space in the center of 

the honeycomb cells is filled by polymer. A simple rule of mixtures approach for 

longitudinal properties of unidirectional composites was adopted,172 and the 

biocomposite Young’s modulus in the longitudinal direction (𝐸 ) can be expressed 

as: 

𝐸   𝐸 𝑉   𝐸 1  𝑉  (10) 

where 𝐸  is the modulus of the neat polymer matrix, and the effective wood cell 

wall modulus 𝐸  can be estimated from knowledge of 𝑉  and experimental data for 

𝐸   and 𝐸 . In analogy, the Equation (11) gives the biocomposite tensile strength 

(𝜎 ), and the effective wood cell wall tensile strength (𝜎 ) can then be readily 

estimated. 

𝜎   𝜎 𝑉  𝜎 1  𝑉  (11) 

Cradle-to-gate life cycle assessment 

A cradle-to gate life cycle assessment (LCA) was performed using GaBi LCA 

software (Sphera, Germany) to evaluate the impact categories of bioTW-TES 

biocomposite and TW prepared from PMMA impregnated DW-SA substrates. The 

functional unit is “one kg of TW material”, and the production systems, system 

boundaries, and life cycle inventory are detailed in Paper V. The Ökobaudat LCA 

dataset was used to quantify the impact categories of industrially produced PMMA 

and polycarbonate (PC) transparent panels. 
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 Results and Discussion 

This thesis focuses on green chemical modification of wood substrates and the 

development of transparent wood (TW) biocomposites for structural and 

functional applications. Deeper understanding of the structure-property 

relationships in TW biocomposites is necessary to tailor materials design for 

specific application. This chapter is divided into five sections and aims at discussing 

the main results of the work conducted in this thesis. The first section focuses on 

green chemical modification of wood substrates for interface tailoring (Paper I). In 

the second section, the synthesis of renewable monomer from limonene oxide is 

described for the design of fully bio-based TW biocomposites processed by in situ 

polymerization (Paper II). In the third section, the effects of interface tailoring on 

the TW optical and mechanical properties are investigated (Papers I–II). In the 

fourth section, the design of multifunctional wood biocomposite for optical 

transmittance and thermal energy storage is demonstrated, where both 

nanoscience proof-of-concept and on environmentally friendly alternative are 

considered (Papers IV–V). In the final section, sustainable development 

considerations for bio-based TW biocomposites are discussed (Paper III) and the 

environmental impact is evaluated (Paper V).

3.1. Chemical functionalization of wood substrates 

In TW biocomposites, the reinforcing phase consists of a low-density, 

anisotropic, porous wood substrate, which is filled with a polymeric matrix. Wood 

substrates from hardwood species, in the form of 0.5–3 mm thick veneers, are 

delignified and used as reinforcement. Delignification of the wood substrates is 

performed to remove light-absorbing lignin and improve diffusion of monomer 

into the cell wall. Chemical functionalization of the delignified wood (DW) 

substrates is further used to tailor molecular interactions at the cell wall-polymer 

interface. In this section, the effects of delignification treatment and chemical 
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functionalization using renewable cyclic anhydrides on the wood morphology and 

chemical composition are described. 

3.1.1. Delignification 

Delignification provides two functions, which are removal of light-absorbing 

components (lignin chromophores) and increase in cell wall permeability. 

Hardwood species of various densities were used in this thesis, including balsa, 

alder, birch, and beech. Wood substrates are delignified using sodium chlorite 

(NaClO2) or green peracetic acid (PAA) treatment. The delignification treatment 

was optimized in order to retain 1–2% lignin in the cell wall. The effects of 

delignification treatment on the wood composition and morphology are analyzed. 

Partial delignification results in about 30% mass loss and changes the wood 

chemical composition. Table 3.1 shows the chemical composition (cellulose, 

hemicelluloses, lignin) of the wood substrates before and after delignification. 

Native balsa is chemically composed of 54% cellulose, 22% hemicelluloses, and 

24% lignin. After NaClO2 delignification, the lignin content is reduced to ≈2%, 

while most of the hemicelluloses are retained. This results in a DW substrate of 

high cellulose content (≈72%) and retained hemicelluloses.  

Table 3.1. Wood composition of native wood (NW) and delignified wood (DW) from various 
hardwood species. Table adapted from Papers I and II.70,136  

  Density Cellulose Hemicellulose Lignin 
  [kg/m3] [%] [%] [%] 

Balsa NW 304 53.7 22.4 23.9 

 DW (PAA) 184 72.5 25.5 2.0 

 DW (NaClO2)  71.6 26.8 1.6 
      
Alder NW 510 47.0 25.1 27.9 

 DW (PAA) 295 72.7 26.1 1.2 
      
Birch NW 593 53.5 28.3 18.2 

 DW (PAA) 384 64.3 34.5 1.2 
      
Beech NW 631 50.3 28.0 21.7 
 DW (PAA) 414 66.6 32.5 0.9 

 

Although NaClO2 is selective at removing lignin, it is environmentally 

hazardous due to the formation of chlorinated organic compounds during 
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delignification.173,174 In contrast, PAA is chlorine-free and yields non-toxic 

decomposition products.58 The analysis of DW composition shows that green PAA 

delignification is equally selective at removing lignin, while preserving similar 

cellulose and most hemicellulose contents as chlorite delignification. Upon 

delignification, the wood substrates become white due to the removal of lignin 

chromophores that provide wood with its natural dark color. 

Figure 3.1a shows scanning electron microscopy (SEM) images of the cellular 

structure of native balsa wood. The cellular structure of balsa has aligned vessel 

elements of ≈280 µm in diameter and fiber cells of ≈40 µm in diameter with 

microscale cell wall consisting of nanoscale composite layers. In the cell wall layers, 

oriented cellulose microfibrils are embedded in a hemicellulose-lignin matrix. 

Lignin is distributed throughout the cell wall, with high concentration in the 

intercellular middle lamella and cell corners. 

After delignification, the wood cellular morphology and microstructure are 

preserved and porosity is generated in DW substrates (Figure 3.1b). Microscale 

pores are apparent in formerly lignin-rich regions at cell corners and in the middle 

lamella between cells, and nanoscale pores can be distinguished in the cell wall. The 

removal of lignin is also confirmed by the disappearance of the lignin peak at 

1505 cm-1 in the FTIR spectrum, characteristic of aromatic skeletal vibrations 

(Figure 3.1c). The retained 2% lignin in the delignified cell wall prevents 

delamination and stabilizes the cellular structure. PAA delignification also 

preserves cellulose molar mass and hemicellulose distribution in the cell wall.175,176 

The preserved cellulose molar mass suggests preserved fibril stiffness and strength, 

while high hemicellulose content in DW cell wall prevents cellulose fibril 

aggregation and maintains nanoscale distribution.  

The increase in porosity after delignification is also confirmed by a significant 

increase in specific surface area (SBET) from 2-9 m2/g to 207-259 m2/g for balsa 

substrates (Figure 3.1d). The high SBET of DW substrates is advantageous for 

enhanced chemical accessibility of the cell wall, thereby facilitating reactant 

diffusion into the cell wall for chemical functionalization.  
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Figure 3.1. a) High resolution SEM micrographs of balsa native wood (NW) and (b) delignified 
wood (DW), with increasing magnification from left to right. c) FTIR spectra of NW and DW. 
d) N2 adsorption/desorption isotherms of supercritical dried balsa NW and DW. Figure 
adapted from Paper I.70  

3.1.2. Chemical functionalization with cyclic anhydrides (Paper I) 

The delignified cell wall has a well-preserved microstructure with nanoscale 

porosity, enabling exploitation of the cell wall for functionalization. The delignified 

cell wall biopolymers (cellulose, hemicelluloses) contain hydroxyl groups useful as 

reactive sites for functionalization. A selective and green functionalization platform 

was developed for DW substrates using three different renewable cyclic anhydrides 

– maleic anhydride (MA), itaconic anhydride (IA) and succinic anhydride (SA) – 

(Figure 3.2a). The chemical functionalization proceeds through ring-opening 

esterification of renewable cyclic anhydrides by wood cell wall hydroxyls. The 

reactions were performed under solvent-free conditions above the melting point of 

each anhydride. MA and IA were left to react at 100 °C and 80 °C for 24h 

respectively, while SA esterification was carried out at 130 °C for 0.5 h. During the 

modification, the polarity and molecular size of the anhydrides allow 
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functionalization inside the cell wall with accessible hydroxyl groups. The 

esterification can occur from cellulose, hemicellulose or residual lignin hydroxyl 

groups.177–183 Residual water (≈4 wt%) in the DW substrate hydrolyzes the cyclic 

anhydrides and creates free dicarboxylic acids, making the reaction self-

catalyzed.184 The functionalization platform yields esterified DW substrates with 

different functional groups: SA esterification introduces terminal free carboxylic 

acids, while MA and IA esterification reactions introduce both terminal carboxylic 

acid groups as well as di-substituted or mono-substituted alkenes, respectively. The 

functionalized DW-MA, DW-IA and DW-SA substrates are colorless and 

demonstrate preserved microstructure and cell wall nanostructure at 100 nm scale 

(Figure 3.2b).  

 
Figure 3.2. a) Functionalization platform for wood substrates. Delignified wood (DW) 
substrates are functionalized via ring-opening esterification of renewable cyclic anhydrides: 
maleic anhydride (MA), itaconic anhydride (IA) and succinic anhydride (SA). b) SEM images 
of the functionalized DW-MA, DW-IA and DW-SA. Figure adapted from Paper I.70  

FTIR data and charge density values confirm high degree of esterification for 

the DW substrates with different anhydrides. The ring-opening esterification 

results in increased carboxyl content in the DW-MA, DW-IA and DW-SA 

substrates, as identified by the high intensity C=O stretching vibration peak at 1725 

cm-1 and a decrease in intensity of the O-H peak at 3400 cm-1 in the FTIR spectra 

(Figure 3.3a). The esterification also results in the increase of the absorbance 
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band at 1155 cm-1, attributed to the C–O stretching of the aliphatic ester. For DW-

MA and DW-IA, the introduction of reactive vinyl bonds is also indicated by the 

C=C peak at 1638 cm-1. Figure 3.3b shows that ring-opening esterification 

reactions proceed with the following reactivity trend SA > IA > MA, as determined 

by the intensity increase of the C=O peak at 1725 cm-1 in the FTIR spectra.  

 
Figure 3.3. a) FTIR spectra of native wood (NW), delignified wood (DW), and functionalized 
DW-MA, DW-IA and DW-SA substrates. (b) Absorbance of the (C=O) band as a function of 
reaction time after functionalization performed at 130 °C. c) FTIR spectra of the functionalized 
substrates DW-MA, DW-IA and DW-SA showing the absorbance band of the carboxylic acid 
groups and their corresponding carboxylate form. Figure adapted from Paper I.70  

The covalent attachment of the anhydride to the functionalized substrates was 

further confirmed by carboxyl deprotonation experiments (saturated NaHCO3 

solution, pH 9) of the terminal carboxylic acids to their carboxylate form. 

Figure 3.3c shows the FTIR spectra of deprotonated DW-MA, DW-IA and DW-

SA substrates, where two distinct carbonyl peaks can be distinguished, associated 

with the ester carbonyl and sodium carboxylate. The shift of the carboxyl peak to 

lower wavenumber is direct evidence of covalent bonding of the anhydrides to the 

wood cell wall. The presence of chemically bonded moieties within the cell wall is 

complemented by data showing high charge density of the substrates, with values 
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of 1.23 mmol/g for DW-MA, 2.59 mmol/g for DW-IA and up to 3.93 mmol/g for 

DW-SA (Table 3.2). The charge density corresponds to a degree of substitution of 

0.19 for DW-MA, 0.42 for DW-IA and 0.64 for DW-SA. 

Table 3.2. Properties of native wood, delignified wood (DW), and functionalized DW-MA, DW-
IA and DW-SA substrates. Numbers in parenthesis represent the standard deviation. Table 
adapted from Paper I.70  

 
SBET Carboxyl content Moisture contenta  

[m2/g] [mmol/g] [wt%] 

Native wood 9 ± 2   

DW 207 ± 22 0.28 ± 0.02 31 ± 1.5 

DW-MA 87 ± 2 1.23 ± 0.07 21 ± 0.5 

DW-IA 99 ± 9 2.59 ± 0.1 18 ± 1.9 

DW-SA 41 ± 6 3.93 ± 0.3 17 ± 0.4 
a Measured at 94% relative humidity.  

The functionalization also provides a bulking effect of the cell wall, as revealed 

by BET and moisture sorption measurements. The total pore volume decreases 

after chemical functionalization, since anhydrides occupy part of the available pore 

space in the cell wall, and the pore size distribution is shifted to higher range 

(Figure 3.4a). This is combined with a gradual decrease in SBET as the density of 

carboxyl groups increases in the substrates (Table 3.2), which is attributed to 

stronger inter-fibril interactions and formation of hydrogen bonds providing 

physical cross-linking of the cell wall.185,186  

In addition, the anhydride treatment reduces the DW substrate hygroscopicity, 

and the moisture content is decreased by 34%, 42% and 45% at 94% relative 

humidity for DW-MA, DW-IA and DW-SA, respectively (Figure 3.4b and 

Table 3.2). The reduction in moisture sorption is attributed to the bulking effect 

of the cell wall, where anhydride molecules reduce the chemical accessibility for 

water.  

In summary, the developed green functionalization platform using cyclic 

anhydrides results in reduced DW hygroscopicity and yields functionalized 

substrates with specific active sites available for further modification. In the next 

sections, the green anhydride functionalization is used as a pretreatment for 

interface tailoring and to facilitate monomer impregnation for the preparation of 

TW biocomposites. 
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Figure 3.4. a) Pore size distribution derived from N2 adsorption of native wood (NW), 
delignified wood (DW), and functionalized DW-MA, DW-IA, DW-SA substrates. b) Moisture 
sorption of the wood substrates at different relative humidities. Figure adapted from Paper I.70  

 

3.2. Bio-based transparent wood biocomposites  

3.2.1. Bio-based limonene acrylate (Paper II) 

In TW biocomposites, the polymeric matrix should ideally be based exclusively 

on renewable resources in order to limit the environmental impact of the material. 

Other criteria for the polymer phase include favorable molecular interactions with 

DW reinforcement, high optical transmittance, similar refractive index with DW, 

and a Tg above 100 °C for structural applications. A fully bio-based limonene 

acrylate (LIMA) monomer was prepared from acrylic acid and limonene oxide 

using green synthesis pathways and scalable processes for the development of 

environmentally friendly TW.  

Ring opening acrylation of acrylic acid  

The bio-based LIMA monomer is synthesized via ring-opening acrylation of 

limonene oxide as illustrated in Figure 3.5. LIMA carries three different 

functionalities, including an activated alkene for facile propagation kinetics, a 

deactivated second alkene to provide late-stage cross-linking, and a -hydroxyl to 

enable both diffusion and chemical reaction within the wood cell wall. The bio-

based LIMA monomer is designed to have facile free radical polymerization 

behavior and sufficient polarity to enter the cell wall in the wood substrate to 

improve compatibility. 
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Figure 3.5. Ring opening acrylation of limonene oxide by acrylic acid to form limonene 
acrylate (LIMA). [1] 2-hydroxy-2-methyl-5-(prop-1-en-2-yl)cyclohexyl acrylate, and [2] 2-
hydroxy-1-methyl-4-(prop-1-en-2-yl)cyclohexyl acrylate.  

Poly(limonene acrylate) polymer matrix 

The bio-based LIMA can be polymerized using free radical polymerization. Free 

radical polymerization is advantageous for in situ polymerization inside wood 

substrates because it can proceed even in the presence of residual moisture. During 

polymerization, the deactivated second alkene of LIMA monomer results in late-

stage chemical cross-linking. The resulting bio-based poly(limonene acrylate) 

(PLIMA) thermoset has a Tg of 131 °C. The amorphous PLIMA demonstrates a high 

optical transmittance of 95% combined with very low haze (forward-scattered light) 

of 3% at a wavelength of 550 nm (Figure 3.6a), which is comparable with other 

petroleum-based matrices used for TW such as PMMA.127 PLIMA has a refractive 

index of 1.52, close to that of DW (1.54) and DW-SA (1.53) substrates,122 which is 

beneficial for optical transparency. 

 
Figure 3.6. a) Optical properties of bio-based PLIMA matrix. b) Mechanical properties of 
PLIMA compared with other polymers (GRANTA Selector database 2020).187 Figure 
reproduced from Paper II.136  

Figure 3.6b shows the mechanical properties of the bio-based PLIMA in 

comparison with other petroleum-based polymers. PLIMA is brittle in uniaxial 
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tension as typical cross-linked thermosets, with a strength of 15 MPa and Young’s 

modulus of 2 GPa. 

3.2.2. Fully bio-based transparent wood biocomposites (Paper II) 

Morphology 

Bio-based TW biocomposites have been prepared by implementing the 

principles of green chemistry, and all the reactions comply with GPs-1–10 (see 

section 1.2.2). First, green PAA delignification is applied on balsa wood substrates 

used for lignin removal, followed by succinylation treatment using renewable SA 

for short reaction times (0.5 h). DW substrates were succinylated to reduce residual 

moisture content and to further facilitate monomer impregnation. The resulting 

functionalized DW-SA substrates are structurally preserved and demonstrate 

nanoscale porosity in the cell wall as shown in Figure 3.7a,b.  

 
Figure 3.7. Photographs and SEM images of a) native balsa wood (NW), b) Delignified-
succinylated wood (DW-SA) substrate, c) bio-based succinylated transparent wood (TW-SA). 
The lower images show the inside of the cell wall. Figure adapted from Paper II.136  

Finally, bio-based LIMA monomer impregnation and in situ polymerization yields 

TW-SA biocomposite with preserved morphology and homogenous distribution of 

PLIMA phase so that vessels and lumen space are completely filled by the polymer 

phase (Figure 3.7c). TW biocomposites prepared from unmodified DW substrates 
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were used as reference to determine the effects of succinylation on the 

nanostructural, optical and mechanical properties of the biocomposites. In 

unmodified TW, the -hydroxyl groups in the repeating unit of PLIMA contributes 

to favorable secondary interactions with hemicelluloses and cellulose in the cell 

wall. The interactions are further improved in TW-SA as the terminal carboxyl 

groups introduced in DW-SA can covalently link with LIMA -hydroxyl group via 

ester formation as demonstrated by model experiments (see Paper II). 

High-resolution TEM micrographs in Figure 3.8 show the cell wall 

nanostructure and lumen-cell wall interphase regions for the TW and TW-SA 

biocomposites. No debonding gaps are observed at the lumen-cell wall interface, 

which indicates favorable interactions between the PLIMA matrix and the cell wall. 

The absence of debonding gaps is also beneficial for reduced light scattering in the 

biocomposites. Elongated cellulose microfibrils of a few nanometers are clearly 

apparent in the cell wall of TW-SA cross-section. Since staining was applied on the 

PLIMA phase, the presence of fibrillar structure with higher contrast in TW-SA 

compared to unmodified TW demonstrates that PLIMA is located inside the cell 

wall. 

 
Figure 3.8. TEM images of a) bio-based TW and b) TW-SA biocomposites. The scale bar 
corresponds to 500 nm. Figure adapted from Paper II.136 

No fibril aggregates are visible at this scale suggesting that PLIMA is well 

distributed. The amphiphilic behavior of LIMA allows diffusion inside the wood cell 

wall and promotes covalent attachment with the DW-SA cell wall. The diffusion of 

LIMA monomer into the cell wall is also facilitated by the increased solubility after 

succinylation. Thus, TW-SA biocomposites are nanostructured with cellulose 
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microfibrils embedded in a matrix of PLIMA and other components such as 

hemicelluloses and SA in the cell wall.  

Moreover, variations can be observed in the lumen-cell wall interphase regions 

of TW and TW-SA. A sharp interface between lumen-filled PLIMA and cell wall is 

visible in unmodified TW, while it is well integrated in the case of TW-SA. Better 

compatibility and other factors such as lower residual moisture content and 

covalent bonds between PLIMA and DW-SA cell wall may contribute to the 

improved interface. Variations in the lumen-cell wall interphase region are critical 

for optical properties of the biocomposites. Thus, SA treatment favors diffusion of 

LIMA inside the cell wall prior to polymerization and results in TW-SA 

biocomposites with enhanced compatibility between wood cell wall and PLIMA. 

Optical properties 

The bio-based TW-SA biocomposite has excellent optical properties. 

Figure 3.9 shows the transmittance and haze curves of bio-based TW and TW-SA 

biocomposites with a balsa wood fraction of 12 vol%.  

 
Figure 3.9. a) Optical transmittance and b) haze curves of 1.2 mm thick bio-based TW and 
TW-SA biocomposites (Vf = 12%). Figure adapted from Paper II.136  

The transmittance of 1.2 mm thick TW-SA prepared from balsa is of 89% at 

550 nm wavelength, which is higher than unmodified TW (87%). The high 

transmittance of the TW-SA biocomposite is attributed to the better-matched 

refractive indices of PLIMA (1.52) with DW-SA (1.53) compared with DW (1.54), 

thereby limiting light scattering effects between PLIMA and wood phases. TW-SA 

also exhibits a lower haze of 41% at 550 nm wavelength than TW (46%) because of 

lower amount of nanostructural optical defects in the cell wall and improved 
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lumen-cell wall interface. Thus, TW-SA biocomposites demonstrate high optical 

transmittance combined with low haze, which is the result of a combination of well-

matched refractive indices between wood and PLIMA, low content of optical 

defects, enhanced compatibility between PLIMA and cell wall with improved 

interface interactions via covalent attachment.  

The optical and mechanical properties of TW biocomposites depend on wood 

volume fraction and interface characteristics between the wood cell wall and the 

polymer. It is beneficial to improve wood content in the biocomposite to achieve 

higher mechanical performance. Bio-based TW-SA biocomposites were prepared 

with various wood contents by selecting wood species with increasing density and 

varying morphologies, including balsa, alder, birch and beech (Figure 3.10a).  

 
Figure 3.10. a) SEM micrographs of alder, birch, and beech wood species. b) Optical 
transmittance and c) haze at 550 nm wavelength of neat PLIMA, bio-based TW and TW-SA 
biocomposites prepared from various wood species and different wood volume fraction (Vf). 
Numbers in parenthesis represent the thickness in millimeters. Figure adapted from Paper 
II.136  

Fully bio-based and transparent biocomposites with tailored wood-polymer 

interface can be obtained with a wide range of wood species and the optical 

properties are presented in Figure 3.10b,c. When the wood volume fraction is 

only 6%, high optical transmittance of 90% associated with remarkably low haze of 

30% are obtained for 1.2 mm thick balsa TW-SA. On the other hand, increase in 
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wood volume fraction results in reduced optical transmittance (88% for beech) and 

increased haze (61% for beech) because of greater amount of scattering sites. 

Therefore, lower density wood species, such as balsa, are more favorable for high 

optical transmittance and low haze. However, to achieve higher mechanical 

performance high-density wood species are desirable, such as birch or beech, and 

a tradeoff between optical transmittance and mechanical performance should be 

considered for structural applications. 

Mechanical properties 

In order to obtain biocomposites with high axial strength and Young’s modulus, 

it is essential to achieve high wood volume fraction, low porosity and strong 

interfacial adhesion between the matrix and the reinforcement phase. The selection 

of high-density wood species, such as birch, is beneficial since it provides high wood 

content. Birch with a wood volume fraction of 26% was used for the preparation of 

bio-based biocomposites since it offers a good tradeoff between optical 

transmittance and wood content. The mechanical properties of TW and TW-SA 

biocomposites are summarized in Table 3.3. TW biocomposites demonstrate high 

ultimate strength (c) of ≈147 MPa and a Young’s modulus (Ec) of ≈13 GPa, which 

is higher than that of native birch. Even better mechanical performances are 

reached when succinylation treatment is applied with c ≈174 MPa and Ec ≈17 GPa, 

which can be attributed to stronger interfacial adhesion between PLIMA and the 

wood cell wall resulting in favorable load transfer between the matrix and wood.  

Table 3.3. Wood volume fraction (Vf) and mechanical properties in tension of neat PLIMA, 
native birch, bio-based TW and TW-SA biocomposites prepared from birch. The Young’s 
modulus of the composite is termed as Ec. The effective axial wood cell wall modulus (Ef) and 
tensile strength (σf) were estimated according to a method described in Chapter 2 using the 
rule of mixtures and back-calculating Ef from measured Ec and known value for Vf. Table 
adapted from Paper II.136 

 Vf Ultimate strength σf Ec Ef Strain to failure 
 [%] [MPa] [MPa] [GPa] [GPa] [%] 

PLIMA 0 14.9 ± 6.6  2.2 ± 0.4  0.7 ± 0.3 

native birch 40 116 ± 16 293 10.6 ± 2.4 27 1.2 ± 0.3 

TW 26 147 ± 18 523 12.6 ± 1.7 42 1.2 ± 0.4 

TW-SA 26 174 ± 14 623 17.3 ± 4.5 60 1.0 ± 0.2 

 

Estimates of axial wood cell wall properties were used to better understand the 

effects of intrinsic cell wall properties and local stress distribution on the global 
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mechanical properties of native wood, DW and biocomposites. The effective cell 

wall properties of TW biocomposite with polymer matrix based on unmodified DW 

substrates are strongly improved when compared to those of porous native birch. 

Indeed, the effective cell wall modulus is increased from 27 GPa for native birch to 

42 GPa for TW, and the effective strength increases from 293 to 523 MPa, 

respectively. Effective strength is estimated based on a rule of mixtures approach 

analogous to the one for modulus (see Chapter 2). The data indicate that PLIMA 

impregnation in DW substrates results in more homogenous stress distribution in 

the cell wall than native wood. This can be attributed to local inhomogeneities at 

the microscale (e.g., uneven cell wall thickness) in the native wood substrates and 

possibly positive effects on tensile stiffness and strength of the cell wall due to lignin 

removal (increased cellulose content). The effective cell wall properties of TW-SA 

biocomposites are improved by 50% compared with TW, with an effective modulus 

of 60 GPa and effective cell wall strength of 623 MPa. Thus, succinylation 

contributes to the effective cell wall stiffness and improves stress transfer between 

cellulose fibrils.  

Summary 

In summary, the fully bio-based TW-SA biocomposites showed high optical 

transmittance and low haze, combined with excellent mechanical properties for 

load-bearing applications. Succinylation of DW reduces moisture content, 

improves interface interactions, and facilitates LIMA monomer impregnation 

inside the cell wall. The optical and mechanical properties of TW biocomposites 

depend on wood volume fraction and characteristics of the wood-polymer 

interface. High wood volume fraction is desired to achieve high mechanical 

performance, while high optical transmittance is reached for biocomposites with 

lower wood content. Succinylation improves effective reinforcement properties and 

results in bio-based TW-SA biocomposites with strong interfacial adhesion and 

high mechanical performance. The SA treatment also reduces light scattering 

effects at the lumen-cell wall interface and inside the cell wall, thereby improving 

optical transmittance and reducing haze. The only drawback is perhaps that PLIMA 

is a fairly brittle thermoset. 
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3.3. Interfacial design in transparent wood biocomposites 

The optical and mechanical properties of TW biocomposites depend, among 

other factors, on wood volume fraction, polymer properties, voids/defects, and 

characteristics of the wood-polymer interface. Wood-polymer interface tailoring is 

needed to improve interfacial interactions and improve wetting and compatibility 

between the polymer and the wood cell wall. Interfacial design in TW biocomposite 

is of high importance because it determines the final optical and mechanical 

properties. 

3.3.1. Wood substrate functional groups and wood-polymer interface 
tailoring (Papers I–II) 

Wood cell wall functional groups 

In this thesis, ring-opening esterification of renewable cyclic anhydrides (MA, 

IA, SA) is explored as functionalization platform for delignified substrates. The 

delignified cell wall is modified with covalently bonded anhydrides, thereby adding 

new chemical functionalities to the wood substrate, including carboxylic acids and 

alkenes, which can be tuned for specific interface tailoring. MA and IA 

modifications provide carboxylic acids and reactive double bonds that can interact 

with vinyl monomers to form covalent wood-polymer interface bonding. SA 

modification (i.e. succinylation) introduces terminal carboxylic acid groups that 

can be used to tailor the wood-polymer interphase. The various interphase-

tailoring strategies for TW biocomposites explored in this thesis are presented in 

Figure 3.11. 

Wood-polymer interface tailoring 

TW biocomposites were prepared by impregnation of pre-polymerized MMA or 

bio-based LIMA, with and without prior functionalization in DW substrates, 

followed by in situ polymerization. The type of functional groups in the cell wall 

dictates and modulates the physical and chemical bonding interactions at the 

wood-polymer interface. Different molecular scale interactions between DW-

PMMA and DW-PLIMA are formed depending on the functionalization.  

For PMMA-based TW, the interface mechanism is dependent on how the 

functionalized DW substrates interact with MMA propagating chain during the 
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polymerization step (Figure 3.11a). In TW-SA biocomposites, secondary physical 

interaction takes place between DW-SA cell wall and PMMA chains. Note that the 

secondary interactions in TW-SA are improved compared to TW reference because 

of reduced moisture content, and possibly improved MMA solubility in the cell wall 

and possibly better wetting of the fibrils. For DW-MA substrates, the unsaturation 

of the ring-opened MA can co-propagate with MMA during the polymerization. 

This results in statistical copolymer structures consisting of isolated covalently-

linked MA units in blocks of PMMA. This relates to the inability of MA and its 

corresponding esters, to homopropagate under these reaction conditions.188,189 

Thus, TW-MA consists of isolated PMMA block structures covalently attached to 

the cell wall interface. In contrast, IA and its corresponding esters can 

homopolymerize.190,191 Therefore, a densely polymerized IA and MMA copolymer 

interphase is formed in TW-IA composites. 

 
Figure 3.11. a) Illustration of the interfacial design for esterified DW substrates reinforced-
PMMA matrix transparent wood (TW) biocomposite. b) Interfacial design for bio-based TW 
and TW-SA (PLIMA matrix). 

In bio-based TW biocomposites prepared from PLIMA impregnation, the 

interactions are improved when compared with those of the PMMA matrix (Figure 

3.11b). One possible reason is the presence of -hydroxyl groups in the repeat unit 

of PLIMA that contribute to favorable secondary interactions with the DW cell wall. 

The interactions are further improved in TW-SA following succinylation treatment, 

as covalent links are formed via ester formation between DW-SA carboxyl groups 
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and the LIMA -hydroxyl groups. The ability to form ester links between succinic 

acid and LIMA was demonstrated by a model experiment (see Paper II). 

3.3.2. Wood-polymer interface effects on transparent wood optical 
and mechanical properties (Papers I–II) 

Optical properties 

Optical transmittance and haze are highly dependent on light scattering effects 

both at the lumen-cell wall interface and inside the cell wall (Rayleigh scattering at 

the nanoscale), but also on the presence of nanoscale defects such as air voids that 

act as scattering centers. Reducing scattering effects in TW biocomposites 

simultaneously contributes to increasing transmittance and lowering haze. 

Anhydride modification improves compatibility between wood substrates and 

polymer matrix in TW, thereby reducing light scattering. The reason is probably 

that the optical interface defects (e.g., debond gaps) are reduced. TW (PMMA 

matrix) and bio-based TW (PLIMA matrix) were prepared with thicknesses ranging 

from 1.2 mm to 3 mm to assess the effects of chemical functionalization on the 

optical properties (Figure 3.12). In general, increase in TW thickness results in 

lower transmittance because of greater light attenuation and larger number of 

polymer-cell wall interface scattering sites and defects. 

 
Figure 3.12. a) Haze versus transmittance at a wavelength of 550 nm of 1.2, 2 and 3 mm 
thick TW, TW-MA, TW-IA, and TW-SA biocomposites prepared from balsa wood.70 b) Haze 
versus transmittance at a wavelength of 550 nm of 1.2, 2 and 3 mm thick bio-based TW and 
TW-SA biocomposites prepared from balsa wood.136 
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In PMMA-based TW biocomposites, anhydride functionalization is successful 

at improving optical transmittance and reducing haze, especially for TW-MA and 

TW-SA (Figure 3.12a). The transmittance of 1.2 mm thick TW-MA (88%) and 

TW-SA (87%) is improved compared to the TW reference (86%) at 550 nm 

wavelength. TW-IA has lower transmittance because of induced yellowing after IA 

modification, which increases light absorbance. The difference in optical 

transmittance between the TW reference and functionalized TW increases with 

thickness. Indeed, the transmittance of 2 mm thick TW-MA, TW-IA and TW-SA are 

increased by 13%, 8% and 18% compared with the TW reference, respectively. 

Although no covalent links are formed between DW-SA and PMMA, PMMA-based 

TW-SA results in increased transmittance, probably because of improved 

interactions inside the cell wall between PMMA and functionalized fibrils. 

Moreover, succinylation (SA) treatment reduces haze by 12% (from 76% to 67%) at 

2 mm and by 10% (from 78% to 70%) at 3 mm thickness compared to the TW 

reference. The decrease in haze may be attributed to lower fibril aggregation, 

porosity or other optical defects in the cell wall. The higher haze observed in TW-

IA may be caused by fibril aggregation due to IA homopolymerization during 

functionalization. Overall, both MA and SA pretreatments result in PMMA-based 

biocomposites with higher transmittance and lower haze. 

Bio-based TW and TW-SA biocomposites demonstrate higher optical 

transmittance and much lower haze at all thicknesses when compared with PMMA-

based TW biocomposites (Figure 3.12b). In addition, succinylation treatment 

results in improved transmittance and limited decrease in haze even for the thicker 

bio-based TW-SA biocomposites. Indeed, 3 mm thick bio-based TW-SA 

demonstrates high transmittance of 81% and low haze of 51%. This corresponds to 

8% increase in transmittance and 27% decrease in haze compared to PMMA-based 

TW-SA. The reduced light scattering effects in bio-based TW-SA compared with the 

PMMA-based biocomposites are attributed to improved DW-SA–PLIMA 

interphase (see section 3.2.2) and better-matched refractive indices between DW-

SA (1.53) and PLIMA (1.52) compared to PMMA matrix (1.49). 
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Mechanical properties 

For structural applications, besides high wood volume fraction and low 

porosity, there is also a need for strong wood-polymer interface and favorable load 

transfer between the matrix and the wood reinforcement. The effects of interface 

tailoring on TW biocomposites are assessed. Figure 3.13 shows the stress-strain 

curves of PMMA-based TW, TW-MA, TW-IA and TW-SA loaded in the longitudinal 

and transverse directions. The axial ultimate strength was improved after 

functionalization with cyclic anhydrides (Figure 3.13a). The ultimate strength 

increases with higher degree of esterification and reaches 62 MPa for TW-SA 

(Vf=6%), which is around 50% higher than the TW reference (41 MPa). The increase 

in ultimate strength may be related to effects from the cyclic anhydrides on the cell 

wall properties, including bulking effects and improved interfacial adhesion from 

esterification.192 This contributes to more favorable stress transfer in the esterified 

TW biocomposites, which is supported by short fiber pull-out after fracture.70 

Similar effects were observed in the case of bio-based TW-SA biocomposites, where 

interface tailoring via succinylation results in improved axial strength and stiffness 

(see section 3.2.2 and Table 3.3).  

 
Figure 3.13. Stress-strain curves in tension for TW, TW-MA, TW-IA and TW-SA impregnated 
with PMMA matrix (Vf = 6%) with loading a) in the longitudinal direction (along the fibers) and 
b) in the transverse direction. Figure adapted from Paper I.70 

The effects of covalent attachment between the PMMA and the cell wall were 

assessed in mechanical tests in the transverse direction to fiber orientation (Figure 

3.13b). Covalent wood-polymer interface bonding in TW-MA and TW-IA appear 

to result in increased transverse strength. Thus, the transverse strength of TW-IA 
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is high (≈33 MPa) when compared to TW reference (≈11 MPa) and TW-SA 

(≈13 MPa). Covalent links between PMMA and wood in TW-IA can sustain higher 

strain before debonding at the wood-polymer interface, so that ultimate strength is 

increased. TW-IA biocomposites with strong wood-polymer interfaces are 

interesting for load-bearing applications.  

In summary, interfacial design in TW biocomposites can be tuned for specific end-

use applications with improved optical and/or mechanical properties. After 

anhydride modification, monomer diffusion in the cell wall is improved resulting 

in biocomposites with increased optical transmittance. Haze can be reduced by 

selecting a polymer matrix with well-matched refractive index and improved 

compatibility with the wood substrate. Strong interfacial adhesion appears to result 

from covalent attachment between the polymer matrix and the cell wall, and this is 

favorable for strength properties of TW. 

 

3.4. Transparent wood for thermal energy storage 

Functional materials combining load-bearing properties and thermal energy 

storage (TES) are promising candidates for reduced energy requirements in 

building applications. TES systems based on organic phase-change materials 

(PCMs) are efficient because they have large storage capacities, in the form of latent 

heat, and desirable transition temperature range.193,194 Organic PCMs absorb latent 

heat by melting and release it by crystallization as they undergo phase transitions. 

Heating of a room can be limited by the melting of the PCM during the day, and in 

the evening, heat can be released during crystallization so that the temperature 

variations are reduced. However, PCMs have poor shape stability upon melting, 

which can result in leakage during the solid-liquid phase transition. In this thesis, 

TW is introduced as a thermal energy storage system, where mesoporous DW 

substrates from birch serve as carrier for the PCM and ensure shape stability during 

the thermal cycle. Two PCMs were explored as latent heat storage components for 

the preparation of TW biocomposites for TES: a petroleum-based polyethylene 

glycol (PEG) with a molecular weight of 1000 g/mol, and a bio-based fatty alcohol, 

1-dodecanol. 
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3.4.1. Design of nanostructured transparent wood for thermal energy 
storage (Papers IV–V) 

TW for TES (TW-TES) biocomposites providing heat storage and optical 

transmittance were prepared by impregnating petroleum-based PEG (70 wt%) 

mixed with MMA monomer (30 wt%) into DW substrates, followed by in situ 

polymerization of MMA. In order to design fully bio-based and functional TW for 

heat storage, bio-based TW-TES (bioTW-TES) biocomposites were also prepared 

by impregnation of bio-based matrix, composed of 1-dodecanol (70 wt%) and 

PLIMA (30 wt%), within DW-SA substrates (Table 3.4). The petroleum-based 

PEG/PMMA and bio-based 1-dodecanol/PLIMA matrix phases serve as the 

functional PCM component for latent heat storage in TW-TES and bioTW-TES 

biocomposites, respectively.  

Table 3.4. Weight fractions in TW-TES (PEG/PMMA matrix) and in bioTW-TES (1-
dodecanol/PLIMA matrix) biocomposites. Wf is the weight fraction of wood reinforcement and 
WPCM corresponds to the weight fraction of PEG and 1-dodecanol for TW-TES and bio-TW-
TES, respectively. 

 Wf WPCM WPMMA WPLIMA 
 [wt%] [wt%] [wt%] [wt%] 

TW-TES 30.6 48.6 20.8 - 

bioTW-TES 24.4 52.9 - 22.7 

 

Interfacial design 

The thermal energy storage capacity of the biocomposites depends on the 

content of the embedded PCM. Therefore, favorable interactions should take place 

between PCM and wood substrate to promote PCM distribution throughout both 

lumen space and within the cell wall. Favorable interactions at the cell wall level 

facilitate diffusion of PCM into the nanoscale cell wall pores. Figure 3.14 

illustrates the different strategies used for interfacial design in TW-TES and 

bioTW-TES.  

In TW-TES, the high miscibility of PEG 1000 in wood allows diffusion of low 

molecular weight PEG inside the DW cell wall.195 Possibly, the PMMA phase is not 

only present in the microscale lumen space but also in the cell wall of DW.133 For 

bioTW-TES, the diffusion of small 1-dodecanol molecules inside the cell wall is 

favored by succinylation treatment. Moreover, the chemical structure of LIMA 
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allows diffusion inside the cell wall and covalent attachment with the DW-SA 

substrate (see section 3.2.1).  

 
Figure 3.14. Illustration of the chemical modification and functionalization strategies of wood 
substrates. a) Delignification of wood substrates followed by succinylation using succinic 
anhydride (SA). b) Functionalization of the DW and DW-SA substrates to obtain transparent 
wood (TW) for thermal energy storage (TES) applications. In TW-TES, the PEG phase-
change material diffuses in the cell wall and the lumen are filled by the PEG/PMMA matrix. In 
bioTW-TES, 1-dodecanol/PLIMA matrix is impregnated in the wood substrate, where PLIMA 
is covalently attached to DW-SA.  

The chemical interactions between PCM and wood substrates in TW-TES and 

bioTW-TES were investigated using FTIR analysis. In TW-TES, intermolecular 

interactions take place between PEG and DW. Indeed, the O–H stretching 

vibrations peak is shifted in TW-TES (3419 cm-1) spectrum compared with that of 

DW (3350 cm-1) and PEG (3468 cm-1), thereby suggesting hydrogen bonding 

interactions between PEG and DW (Figure 3.15a). The PEG absorption peak (–

CH2) at 947 cm-1 is shifted in TW-TES, which is also in support of intermolecular 

interactions occurring between PEG in TW-TES. The bioTW-TES spectrum shows 

characteristic C–H stretching absorption peaks at 2880 cm-1 and 2950 cm-1 from 1-

dodecanol (Figure 3.15b). The carbonyl ester peak at 1727 cm-1 observed in 

bioTW-TES originates from both PLIMA carbonyls and introduced carbonyl ester 

and carboxylic acid moieties in DW-SA. No covalent ester linkages are formed 
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between 1-dodecanol and DW-SA substrate as determined by model experiments 

(see Paper V). 

 
Figure 3.15. a) FTIR spectra of TW-TES, PMMA, PEG, and DW. Figure adapted from Paper 
IV.142 b) FTIR spectra of bioTW-TES, PLIMA, 1-dodecanol, and DW-SA. Figure adapted from 
Paper V. 

Morphology and PCM distribution  

The uniform distribution of PCM within the wood substrate is critical for 

optimization of the thermal energy storage capacity of the biocomposite. The 

distribution of the PCM/polymer matrix in the lumen-cell wall interphase region 

and inside the cell wall was investigated. Morphological analysis of TW-TES shows 

that the PEG/PMMA matrix fills the porous lumen space and is homogenously 

distributed across the wood cells (Figure 3.16a). The central SEM micrograph in 

Figure 3.16a shows favorable interface between the cell wall and PEG/PMMA 

matrix in the lumen, which is attributed to the good miscibility between PEG and 

the wood cell wall. Moreover, the diffusion of PEG inside the cell wall is supported 

by the presence of PEG-rich phase in the form of 100 nm mesoscale domains. The 

combination of PEG diffusion in the nanostructured cell wall and favorable 

intermolecular interactions between cell wall and small scale PEG domains enable 

successful encapsulation of PEG in mesoporous DW substrates.  

Similar morphology is observed in bioTW-TES biocomposites (Figure 3.16b), 

where the impregnated 1-dodecanol/PLIMA matrix fills the wood cells and 

demonstrates a well integrated lumen-cell wall interphase. Both 1-dodecanol and 

LIMA diffuse into the cell wall, facilitated by the succinylation modification. 

Possibly, 1-dodecanol can diffuse in the cell wall because of its low molecular weight 

and improved solubility in DW-SA. Note that the homogenous distribution of 1-
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dodecanol into the cell wall is further confirmed by model experiments using 

energy diffraction X-ray spectroscopy (see Paper V). 

 
Figure 3.16. a) SEM images of transparent wood for thermal energy storage (TW-TES) 
impregnated with PEG/PMMA matrix. Figure adapted from Paper IV.142 b) SEM images of 
bio-based TW-TES (bioTW-TES) impregnated with bio-based 1-dodecanol/PLIMA matrix. 
Figure adapted from Paper V.  
 

3.4.2. Thermal energy storage properties (Papers IV–V) 

During the thermal storage cycle, the PCM absorbs latent heat upon melting 

above its melting temperature (Tm) and further releases latent heat when 

crystallizing during cooling below the crystallization temperature (Tc). The thermal 

properties are presented in Table 3.5. The enthalpy values of TW-TES and bioTW-

TES are proportional to the PCM fraction inside the material. TW-TES 

demonstrates favorable latent heat of melting (ΔHm) of ≈76 J/g and crystallization 

(ΔHc) of ≈74 J/g, which are close to theoretical values thereby indicating that the 

degree of crystallinity of PEG is high (≈98%). The melting process starts at 

Tm = 38 °C and crystallization occurs at Tc = 29 °C. Above Tm, the TW-TES consists 

of molten PEG embedded in the DW substrate and surrounded by PMMA phase. 

Cooling until Tc initiates crystallization of PEG and the release of latent heat. In the 

microscale lumen spaces, PEG domains are surrounded by PMMA polymer phase. 

PEG-rich domains are also present in DW cell wall and the ability of PEG to 

crystallize within the cell wall was demonstrated by selectively infiltrating the DW 

cell walls (lumen space free) with PEG, which resulted in ΔHm of 39 J/g (see Paper 

IV).142 Thus, PEG is distributed across the lumen and cell wall in DW substrates, 
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and crystallization can occur in the cell wall thereby providing high heat storage 

capacity in TW-TES.  

Table 3.5. Thermal properties of TW-TES and bioTW-TES biocomposites, including melting 
temperature (Tm), latent heat of melting (ΔHm), crystallization temperature (Tc), latent heat of 
crystallization (ΔHc), with ΔHth the theoretical latent heat. Table adapted from Paper IV142 and 
Paper V. 

 
Tm ΔHm ΔHm

th Tc ΔHc ΔHc
th 

 [°C] [J/g] [J/g] [°C] [J/g] [J/g] 

PEG 1000 37.8 ± 0.3 159 ± 2  29.5 ± 0.7 162 ± 2  

PEG/PMMA matrix 36.9 ± 0.2 103 ± 2 111 25.5 ± 1.2 101 ± 0.2 113 

TW-TES biocomposite 38.3 ± 0.3 76.3 ± 3 77.3 28.6 ± 1.3 74.2 ± 3 78.5 
       

1-dodecanol 25.5 ± 0.4 211 ± 9  20.5 ± 0.2 209 ± 10  

1-dodecanol/PLIMA matrix 25.2 ± 1 141 ± 5 148 19.3 ± 0.6 128 ± 7 146 

bioTW-TES biocomposite 24.3 ± 1 89.4 ± 6 112 14.8 ± 2 71.7 ± 3 111 

 

The heat storage properties of bioTW-TES based on 1-dodecanol/PLIMA 

matrix are highly favorable compared to petroleum-based TW-TES. The 1-

dodecanol/PLIMA matrix latent heat ΔHm (141 J/g) and ΔHc (128 J/g) are close to 

theoretical values, which is attributed to the formation of separated domains of 1-

dodecanol with preserved degree of crystallinity (≈95%) within the cross-linked 

PLIMA phase. The bioTW-TES biocomposite demonstrates high latent heat ΔHm 

of 89 J/g and ΔHc of 72 J/g. When the bioTW-TES is heated above Tm (24 °C), 1-

dodecanol is in the liquid phase surrounded by cross-linked PLIMA inside DW-SA 

substrate. During cooling, 1-dodecanol-rich domains crystallize within the DW-SA 

substrate. It should be noted that both the transition temperature and the degree 

of crystallinity of 1-dodecanol in bioTW-TES (≈79%) are reduced compared to 1-

dodecanol/PLIMA matrix and neat 1-dodecanol, which could be attributed to 

crystal growth inhibition in the confined cell wall space.196 Although the degree of 

crystallinity is reduced, it is demonstrated that 1-dodecanol can both diffuse and 

crystallize in the nanoscale cell wall pores. Thus, the selective impregnation of DW-

SA cell walls with 1-dodecanol results in a latent heat ΔHm of 46 J/g, indicating that 

1-dodecanol domains can crystallize within confined nanoscale pores (see Paper V). 

Overall, the TW-TES (76 J/g) and bioTW-TES (89 J/g) perform well compared 

to other materials such as PCM impregnated gypsum boards (30 J/g).197 Moreover, 

excellent shape and thermal reliability are obtained for both TW-TES and bioTW-
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TES upon thermal cycling (see Papers IV–V). This is attributed to the successful 

shape-stabilization effects by the polymer phase and the mesoporous wood 

structure that prevent PCM leakage during the melting process. 

3.4.3. Thermo-responsive optical properties (Papers IV–V) 

TW-TES and bioTW-TES biocomposites combine excellent latent heat storage 

with thermo-responsive optical properties during the phase-change transitions. 

The thermo-responsive optical properties are associated with a visual change of the 

biocomposite from opaque to clear when increasing the temperature above Tm.  

Figure 3.17a shows the optical transmittance of TW-TES and bioTW-TES 

biocomposites. Below Tm the transmittance is low because of the presence of PCM 

crystallites that scatter light. During the heating process, the PCM melts and the 

optical transmittance of the biocomposites increases. The optical transmittance of 

TW-TES increases by 6% at 550 nm wavelength upon heating above Tm and reaches 

84% and 68% for 0.5 mm and 1.5 mm thick TW-TES biocomposites, respectively. 

In 0.5 mm thick bioTW-TES, the increase in transmittance is even stronger upon 

heating, and it is increased by 46% above Tm (from 59% to 86%) at a wavelength of 

550 nm. The increase in transmittance during the heating process is attributed to 

the melting of PCM crystallites responsible for light attenuation.  

 
Figure 3.17. a) Optical transmittance and b) haze of 0.5 and 1.5 mm thick TW-TES and 0.5 
mm thick bioTW-TES, below and above the melting temperature (Tm). Haze versus 
transmittance at 550 nm wavelength of TW-TES and bioTW-TES below and above Tm. Figure 
adapted from Paper IV142 and Paper V. 

The haze of the biocomposites is presented in Figure 3.17b. Haze depends on 

structural defects that scatter light and refractive index mismatch between the 

wood substrate (DW=1.54, DW-SA=1.53), PCM (PEG=1.46, 1-dodecanol=1.44) and 

polymer phase (PMMA=1.49, PLIMA=1.52) in the biocomposites. Below Tm, the 
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haze of the biocomposite is high because of light scattering from PCM domains and 

crystallites. A relative decrease in haze of ≈3% was observed for 0.5 mm thick TW-

TES when heated above Tm. Similarly, the haze of 0.5 mm thick bioTW-TES was 

decreased by ≈8% at a wavelength of 550 nm. The decrease in haze is attributed to 

the reduction in scattering centers (e.g., crystallites, voids) upon melting of the 

PCM in the biocomposite.  

Compared with TW-TES, the fully bio-based bioTW-TES demonstrates 

improved optical transmittance and reduced haze above Tm (Figure 3.17c). One 

reason for this is the well-matched refractive index of PLIMA phase. Moreover, the 

tunable optical properties are enhanced in bioTW-TES with simultaneous strong 

increase in transmittance and decrease in haze during the melting process.  

3.4.4. Mechanical performance (Papers IV–V) 

For structural applications, the thermal and optical properties of the 

biocomposites for TES need be combined with favorable mechanical properties. To 

provide high wood content, birch wood was used for the preparation of the 

biocomposites. The stress-strain curves in bending of the TW-TES and bioTW-TES 

biocomposites are presented in Table 3.6 and Figure 3.18.  

Table 3.6. Mechanical properties in bending of native birch wood (NW), TW-TES and bioTW-
TES biocomposites. Table adapted from Paper IV142 and Paper V. 

 Strength in bending Modulus in bending Strain at break 
 [MPa] [GPa] [%] 

NW 156 ± 6.1 18 ± 5.5 1.5 ± 0.1 

TW-TES (T<Tm) 74.5 ± 10 8.9 ± 1.5 3.3 ± 0.6 

bioTW-TES (T<Tm) 85.9 ± 16.6 18 ± 5.4 0.8 ± 0.2 

bioTW-TES (T>Tm) 39.4 ± 1.1 9.6 ± 0.6 0.6 ± 0.1 

 

Below Tm, bioTW-TES demonstrate higher strength in bending (≈86 MPa) than 

TW-TES (≈75 MPa). The strain at break of TW-TES is high compared to bioTW-

TES, which is attributed to the brittle nature of the cross-linked PLIMA phase 

compared to PMMA. The strength decreases to ≈39 MPa for bioTW-TES when the 

PCM is in the liquid state above Tm. Note that TW-TES could not be tested above 

Tm, although a similar decrease in strength is expected upon melting of PEG. The 

strength values of the biocomposites are lower than that of native wood, which 

could be attributed to residual nanoscale porosity and reduced interfiber bonding 
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after lignin removal. Moreover, the modulus of bioTW-TES (≈18 GPa) is close to 

that of native wood below Tm when the PCM is in the solid state. Upon melting of 

the PCM, the modulus decreases to ≈9.6 GPa for bioTW-TES. Thus, the mechanical 

properties of the biocomposites are strongly dependent on the PCM solid-liquid 

phase transition. Overall, there is a reduction in the mechanical performance of 

PCM-containing TW compared with e.g. birch-PMMA,129 since the PCM phase is 

reducing the polymer matrix properties even below Tm. 

 
Figure 3.18. Three-point bending stress-strain curves of native wood (NW), and TW-TES and 
bioTW-TES biocomposites. Figure adapted from Paper IV142 and Paper V.  

Overall, the mechanical properties of the biocomposites for TES are favorable 

for load-bearing applications. The mechanical performance could be improved 

further by lowering the PCM content, although this would also reduce thermal 

storage capacity.  

 

3.5. Environmental impact of bio-based transparent wood 
biocomposites 

3.5.1. Sustainability aspects (Paper III) 

The use of materials from renewable resources is important to reduce the 

dependence on fossil-based plastics. Bio-based materials such as wood have 

already sequestered CO2 and can potentially provide negative carbon footprint. 

Fully bio-based TW biocomposites are environmentally friendly materials for 

engineering applications, with reduced cumulative energy demand compared with 

fossil-based polymer composites. In this thesis, the green principles (GPs, see 
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section 1.2.2) are applied throughout the design and processing of the 

biocomposites.  

Figure 3.19 shows the life cycle of bio-based TW-SA biocomposites, where all 

reactants are obtainable from renewable resources (GP-7). Mild and selective PAA 

treatment was employed for delignification and SA was used for interface tailoring 

(GPs-1–7,10). Bio-based LIMA monomer was synthesized in a solvent-free system 

from the combination of renewable limonene oxide obtained from the oxidation of 

limonene (byproduct of the food industry) and acrylic acid that can be produced 

from lactic acid (GPs-1–8).198,199 The biocomposites were prepared by green 

synthesis, using mild and solvent-free reaction conditions (GPs-1–10,12). The 

produced bio-based TW materials are durable owing to the cross-linked thermoset 

PLIMA matrix, which is advantageous for prolonged use-phase. 

 
Figure 3.19. Life cycle of bio-based transparent wood biocomposites. Figure reproduced from 
Paper III.28   
 

3.5.2. Environmental impact assessment (Paper V) 

A cradle-to-gate life cycle assessment (LCA) was performed to evaluate the 

environmental and energy indicators of bioTW-TES biocomposite prepared at 

laboratory-scale. The impact categories considered in the analysis are the global 

warming potential (GWP), total use of renewable primary energy resources 

(PERT), total use of nonrenewable primary energy resources (PENRT), and CO2 

footprint. Figure 3.20 shows the impact categories for each production step of the 
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bioTW-TES biocomposite. The results indicate that the impregnation and 

polymerization step, which includes the upstream production of biochemicals 

(LIMA, 1-dodecanol), is a major contributor to the GWP and CO2 footprint of 

bioTW-TES and accounts for 92%. In contrast, eco-friendly PAA delignification and 

succinylation treatments account each for only 4% of the GWP. Moreover, the 

contribution of LIMA to the PENRT is high, although it is produced from renewable 

resources. An important reason is the energy-intensive production of acrylic acid 

from renewable lactic acid.200 

 
Figure 3.20. Cradle-to-gate assessment of the bio-based transparent wood (TW) 
biocomposite. a) Illustration of the production system of the bio-based TW biocomposite. b) 
Environmental categories for each preparation step of the bio-based TW. The impact 
categories are global warming potential, CO2 footprint, total use of nonrenewable primary 
energy resources (PENRT), and total use of renewable primary energy resources (PERT). 
Figure reproduced from Paper V.  

The environmental impact of bioTW-TES was further compared with that of 

TW prepared at the laboratory-scale from DW-SA impregnated with PMMA 

matrix, and with industrially produced transparent PMMA and PC panels. 

Table 3.6 shows that the impact of the bio-based bioTW-TES is lower than 

PMMA-based TW and melt-processed PMMA and PC across most categories. Thus, 

the global warming potential is ≈28% lower than PMMA-based TW, while the 

carbon footprint is ≈34% lower. The bioTW-TES biocomposite has the highest 

PERT indicator because it was prepared from renewable chemicals. When 
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compared with industrially produced PMMA and PC, the bioTW-TES demonstrates 

up to ≈37% and ≈39% lower GWP, respectively.  

Table 3.7. Impact categories of bio-based transparent wood (TW) biocomposite, polymethyl 
methacrylate (PMMA)-based TW biocomposite, melt-processed PMMA and polycarbonate 
(PC) transparent boards. Table adapted from Paper V. 

 
GWP PENRT PERT CO2 footprint 

 [kg CO2 eq/kg] [MJ/kg] [MJ/kg] [kg CO2/kg] 

Bio-based TW 4.3 90.3 113 3.7 

PMMA-based TW 6.0 129 40.9 5.6 

PMMA 6.8 107 10.3 6.8 

PC 7.0 93.8 11.5 7.0 

 

The environmental impact of bioTW-TES will be much lower if the production 

processes were industrially scaled and optimized. Moreover, including the use 

phase in the LCA would further contribute to lowering the environmental impact 

of the bioTW-TES, since both the heat storage and optical functions of this material 

participate in energy savings. In fact, this material would save energy compared 

with a conventional building material and, with time, become a carbon neutral 

product compared with the reference. 
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 Conclusions and Future Work 

4.1. Summary 

Environmentally friendly wood nanotechnologies that combine optical function 

and load-bearing properties are interesting for structural applications. In this 

thesis, a green chemical functionalization platform has been developed for 

molecular and nanostructural control of wood substrates for transparent wood 

(TW) biocomposites. Lignin was selectively removed from hardwood substrates 

using a green delignification treatment. The delignified wood substrates have 

preserved micro and nanostructure with high mesoporosity and native cellulose 

fibril alignment. The delignified cell wall is then chemically tailored via ring-

opening esterification of renewable maleic, itaconic and succinic anhydrides. The 

anhydride functionalization platform complies with the green chemistry principles, 

uses solvent-free and short-reaction time conditions, and has low environmental 

impact. Green anhydride treatment results in high degree of esterification with 

introduced carboxyls and alkenes functional groups. The functionalized cellulosic 

substrates have high carboxyl content, lower moisture sorption, and preserved 

nanostructure. Modified wood substrates are facilitating processing. Monomer 

impregnation is improved and the introduced carboxyls and reactive alkenes can 

be used for specific interface tailoring in TW biocomposites.

Another contribution is that fully bio-based and nanostructurally controlled 

TW biocomposites with tailored wood-polymer interface are developed in this 

thesis. A novel LIMA monomer, synthesized from renewable limonene oxide and 

acrylic acid, is impregnated and in situ polymerized inside delignified wood 

substrates. The PLIMA polymer matrix has well-matched refractive index with 

wood substrates and shows favorable diffusion inside the cell wall. Succinylation 

treatment results in nanostructured biocomposites with covalent cell wall-PLIMA 

interface bonding. Molecular and nanoscale tailoring yields biocomposites with 
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excellent optical transmittance (up to 90% for 1.2 mm thickness) and low haze 

(30% for 1.2 mm thickness), even at high wood content. Strong interfacial adhesion 

between PLIMA and succinylated cell wall results in improved strength (174 MPa). 

Nanostructural functionalization of delignified wood substrates with phase-

change materials is also explored, for the development of biocomposites that 

combine latent heat storage, tunable optical transmittance, and structural 

functions. Functionalization of mesoporous delignified substrates with phase-

change materials is investigated for the design of TW biocomposites for thermal 

energy storage. A TW biocomposite based on delignified substrates impregnated 

with PEG/PMMA matrix, where PEG provides the heat storage function, is 

explored as novel functional material concept in this thesis. The mesoporous 

structure of wood is used to encapsulate the phase-change material and prevent 

leakage during phase transition. The PEG/PMMA matrix is distributed in the 

lumen and PEG-rich domains are also present in the cell wall. The thermal energy 

storage capacity is favorable (75 J/g) and proportional to the PEG content in the 

biocomposite. Besides, the optical transmittance is tunable and reaches 84% at 

0.5 mm thickness above the phase-transition temperature. The development of 

bio-based biocomposites for thermal energy storage is also demonstrated. 

Delignified and succinylated wood substrates are impregnated with a matrix 

consisting of renewable 1-dodecanol as phase-change material and bio-based 

PLIMA as polymer phase. The functional, bio-based biocomposites demonstrate 

improved heat storage (89 J/g), optical transmittance (86% at 0.5 mm thickness) 

and strength in bending (86 MPa) compared with biocomposites based on 

PEG/PMMA. Succinylation treatment effectively promotes controlled distribution 

of 1-dodecanol and PLIMA across the wood structure and at the nanoscale inside 

the cell wall. In addition, cradle-to-gate life cycle assessment indicates that the bio-

based TW has low environmental impact, and represents a competitive and eco-

friendly alternative to other petroleum-based transparent panels for engineering 

applications. 
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4.2. Concluding remarks on transparent wood and 
sustainability 

TW is considered as a “green” material due to the renewable resource origin of 

the wood substrate. In this thesis, different approaches are investigated for TW 

biocomposites to provide even stronger contributions to sustainable development, 

but also added value to wood products. The use of bio-based components only, 

application of green chemistry principles (e.g., not using organic solvents), and 

application of TW as a heat storage material are positive factors for sustainable 

development. An important aspect is to also quantify eco-indicators for sustainable 

materials, in the form of data for cumulative energy demand and CO2 emissions. 

Based on such quantification, it becomes possible to identify specific challenges 

hindering increased use of bio-based materials for sustainable development. The 

pretreatment of delignified wood substrates with bio-based cyclic anhydrides (e.g., 

succinic anhydride) is very promising. Indeed, the penalty in terms of eco-indicator 

effects is minor, the delignified wood substrate (and the biocomposite) become less 

sensitive to moisture, and interactions between the wood substrate and the 

monomer (and polymer matrix) are improved. As this treatment was combined 

with a new bio-based monomer and polymer (PLIMA) based on limonene oxide, 

some unexpected benefits were obtained. The refractive index of PLIMA was an 

excellent match with that of wood, and wood-polymer interfacial debond gaps were 

reduced for succinylated wood substrates, resulting in biocomposites with excellent 

optical transmittance and haze values. 

The use of TW as an energy-saving functional material for building applications 

is a strong argument in the context of sustainable development. By controlled 

integration of a bio-based phase-change material into both the cell wall and the 

polymer phase, a heat storage biocomposite is obtained. The energy savings during 

the use phase can compensate for energy required during the manufacturing of the 

TW biocomposite. Quantification of eco-indicators also showed that the bio-based 

biocomposites (PLIMA matrix) made at laboratory-scale required much lower 

cumulative energy during fabrication than biocomposites with fossil-based PMMA 

matrix. This is despite the highly optimized industrial synthesis of MMA and 

processing of PMMA. The analysis demonstrates that simplified life cycle 
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assessment is very helpful in the development of transparent biocomposites for 

sustainable development. 

4.3. Outlook and future work 

Environmentally friendly TW biocomposites are interesting materials for 

engineering applications because they combine high optical transmittance with 

favorable mechanical performance and anisotropic properties. Nanostructural 

control of the polymer distribution can result in structurally efficient biocomposites 

with excellent optical transmittance. Thus, the selection of polymer matrix is 

critical to the physical and mechanical properties of the TW biocomposite.  

Bio-based polymer matrices are advantageous to reduce the environmental 

impact of TW biocomposites and achieve carbon neutrality. However, the energy-

intensive production of new biochemicals from renewable resources can result in 

higher environmental impact than that of established petroleum-based chemicals 

produced from industrially optimized processes. Therefore, higher wood content 

should be reached to reduce the environmental impact of biocomposites even 

further. Moreover, chemically reprocessable thermosets and thermoplastic 

polymer matrices are more desirable than thermoset resins, since it would facilitate 

biocomposite recycling and end-of-life management. Thus, the synthesis of novel 

bio-based thermoplastic polymers with matching refractive index and facile 

polymerization processing should be explored for TW biocomposites. 

TW biocomposites are competitive with petroleum-based transparent plastics 

for application as load-bearing panels. A remaining challenge is to develop suitable 

processing techniques, such as lamination, for the production of larger structures 

with controlled micro and nanostructure.  
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