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Preface

This report is written as 9-10th semester,master thesis project ,at the Department of
Chemistry and Bioscience at Aalborg University supervised by Cejna Anna Quist-
Jensen and Aamer Ali. The report’s title is "Modified wood for low grade heat harvesting"
and covers 60 ETCS points.

Experiments are performed at Aalborg University at the Department of Chemistry and
Bioscience at Fredrik Bajers Vej 7H in the laboratories north and south on levels 3. The
abbreviation are found on page iii, and the symbols are found on page iv. The figures
and eventual tables presented in this project, are created by the author unless else is
stated.For reference and bibliography Harvard citation method is used.
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Abbreviations

Abbreviation Definition

DW Delignified Wood
EDL Electrical Double Layer
IH Inner Helmholtz
OH Outer Helmholtz
S Slipping Plane
FSP Fiber Saturation Point
SEM Scanning electron microscope
FT-IR Fourier-transform infrared spectroscopy
S1 Outer Layer
S2 Middle Layer
S3 Inner Layer
EtOH Ethanol
H2O2 Hydrogen Peroxide
NaClO2 Sodium chlorite
NaCl Sodium Chloride
Vo Voltage Output
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Symbols

Symbols Definition

W Watt
ζ Zeta Potential
ψ0 Diffuse Layer Potential
∆P Differential Pressure
∆V Differential Potential
ε Dielectric coefficient
ε0 Permittivity
η Viscosity
σ Fluid conductivity
κ Debye Huckel parameter
Na Avogadro number
I Ionic Strength
kb Boltzmann constant
T Temperature
λD Debye Length
e Elementary Charge
zi Ion valence
ci Ion concentration
x Surface Distance
Sc Seebeck Coefficient

iv



Contents

1 Introduction 1

2 Problem Statement 3

3 Theory 4
3.1 Wood as mimic of membranes . . . . . . . . . . . . . . . . . . . . . . . . 4

3.1.1 Cellulose . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
3.1.2 Hemicelluloses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
3.1.3 Lignin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

3.2 Degradation of Wood . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.3 Wood-Water interaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3.3.1 Water-evaporation induced electricity . . . . . . . . . . . . . . . . 16
3.3.2 Mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

4 Methodology 20
4.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

4.1.1 Chemicals and solutions . . . . . . . . . . . . . . . . . . . . . . . . 20
4.1.2 Instrumentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
4.1.3 Laboratory Tools . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

4.2 Sample Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
4.3 Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
4.4 Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

4.4.1 FT-IR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
4.4.2 SEM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

5 Results and discussion 25
5.1 FTIR spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
5.2 SEM images . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
5.3 Temperature and thickness influence in power generation . . . . . . . . 28
5.4 Nacl addiction influence . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

6 Conclusion 35



7 Perspectives 36

Bibliography 38

A Appendix 42



1 | Introduction

Against the backdrop concerning ,the severe depletion of traditional fossil fuels and
the requirements for sustainable development, harvesting energy from the ambient en-
vironment is attracting intensive attention from researchers .Various generators, such
as thermoelectric, piezoelectric/triboelectric and electrokinetic generators have been
designed to convert renewable thermal and mechanical energy in the ambiance to
electricity.

The electricity generating processes of those generators and some electrokinetic gen-
erators, are not spontaneous and require the consumption of additional mechanical
energy to maintain the continuity of the power generation. Therefore, spontaneous
methods of electricity harvesting that only utilize ambient energy, have been widely
explored in recent year[1].

Nowadays, the most developed sustainable energy source is hydropower, which pro-
duces about 17% of global electricity [2]. Water is not only vital to life but also repre-
sents the largest carrier of energy on the Earth.
Covering 71% of the Earth’s surface, water consumes about 35% of the solar energy
received by the Earth, corresponding to a remarkable 60 petawatts (1015 W).
If just a small portion of the tremendous energy contained in water could be harvested,
it would readily satisfy the global energy demand of 18 terawatts (1012W) .
Yet, unlike other energy sources (for example wind or solar energy), water energy
evolves into a rich variety of forms that dominate the energy transfer occurring in var-
ious natural phenomena.[3]

In the last two decades, an alternative form of utilizing hydropower has emerged,
which is based on electrokinetic phenomena induced by osmotic pressure.[2]

The conversion of ambient thermal energy into electricity from the nanomaterials
based nanogenerator has been demonstrated to be significant potential for several
applications, especially which can be driven by the ubiquitous, spontaneous process
of water evaporation[4]. Water transport and evaporation in porous materials has been
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CHAPTER 1. INTRODUCTION

extensively studied and applied for example in food and earth sciences, and the theory
has since been applied to solar steam generation with porous materials. However, the
connection between the water evaporation and electricity generation in a porous film
remains poorly understood.
Water evaporation is a spontaneous phenomenon occurring continuously in the nat-
ural environment. It has recently been proved that water evaporation can generate
electric energy based on the electrokinetic effect.
When water molecules flow through narrow capillary channels with a charged surface
driven by the capillary force and water evaporation, the counter ions with opposite
charges in the electric double layer (EDL) can move together with the water molecules,
resulting in the formation of electric potential and current.On the basis of the above
mechanism, various nanoporous materials for water evaporation-induced electricity
have appeared successively[5].

Although the microscopic mechanism of the water flow and subsequent generation of
streaming current inside the capillary channels of porous materials has been studied
both via first principles and in experimental settings, little work has been conducted
to understand the underlying physics of the porous material on the scale of complete
devices, even if such information is crucial for the design and optimization of large-
scale implementations of evaporation powered nanogenerators[6].
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2 | Problem Statement

It is within this context that the current project seeks to address and transcend these
challenges.

The research aims to investigate and develop methods to effectively convert low-grade
environmental heat, such as ambient heat, into usable forms of power and water pro-
duction. This could involve utilizing modified wood materials and structures to har-
vest and convert this low-grade heat through thermoelectric, piezoelectric, triboelec-
tric, or electrokinetic effects for wood based power system.

In this circumstance, we employed natural wood to harvest electricity from water
evaporation based on the streaming potential/current mechanism. Natural wood has
an intrinsic anisotropic three dimensional continuous microchannel structure; thus,
the hydrodynamic resistance is relatively low, which may lead to a high streaming
current. By using this resource-abundant material, wood, the fabrication cost is low
and the process is easy to be scalable[2].
The goal would be to create sustainable and efficient systems that can generate elec-
tricity and produce water from readily available environmental heat sources.
This would help reduce reliance on fossil fuels and provide alternative means of power
and water generation.
.
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3 | Theory

3.1 Wood as mimic of membranes

Wood is a renewable, biodegradable, environmental friendly, and natural material[7],
and can be seen as a complex 3D composite of bio polymers composed of an inter-
connected network of cellulose, hemicelluloses, and lignin, as well as various amounts
of extractives and inorganics within different wood species[8]. Wood is an attractive
material for research due to its unique anisotropic and hygroscopic properties. The
anisotropic nature of wood, where its mechanical properties vary depending on the
direction of the grain(showed in Fig.3.1 , makes it an interesting subject for studying
the relationship between microstructure and macroscopic behavior.

Figure 3.1: Schematic illustration of three principal axes of wood with respect to grain direction,depicted
from [9]

Additionally, wood’s hygroscopic properties, which allow it to absorb and release
moisture, make it a valuable material for understanding the effects of environmen-
tal conditions on material properties these properties, combined with wood’s natural
aesthetic appeal make it an attractive and widely studied material in various fields,
including engineering and material science.

Wood nanotechnologies are not only associated with extraction and use of nanocellu-
lose or lignin but also with tailoring and functionalizing the hierarchical nanostruc-
ture of bulk wood for functional materials. Applying these technologies allow wood
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CHAPTER 3. THEORY

or cellulose-based porous materials to be used as templates with favorable mechanical
and electrical performances[7]

The Woodcell is structured in two walls and the middle lamella:
The middle lamella is a layer that has the function to cement the primary wall cells.
The primary wall is very thin and generally has a thickness of around 100nm. The sec-
ondary cell wall is typically very thick,rigid,and inelastic. Structurally,the secondary
cell wall can be further divided into three layers:
S1(outer) , S2 (middle), and S3 (inner) lamella, as showed in the Fig.3.2.
The three parts are classified due to the different arrangements of cellulose microfib-
rils. The S1 layer is the thinnest of the layers, representing just 5% to 10% of the total
thickness of the cell wall. The S2 layer is the thickest layer,accounting for 75% to 85%
of the total thickness of the cell wall and therefore is the most important with regard
to mechanical support[10].

Figure 3.2: Schematic illustration of the wood structure : Middle Lamella, Primary and Secondary Cell
Wall (and wall sub division); structure depicted from [11]

The primary wall is a very thin and elastic layer,which is capable of growth and ex-
pansion.It can be generally taken that the primary cell wall functions as a scaffold to

Page 5 of 42



CHAPTER 3. THEORY

support the whole cell forms.The primary cell walls contain cellulose,hemicellulose,
pectins,and structural proteins on the basis of their dry mass.

In primary and secondary walls, cellulose acts as a framing material. Cellulose mi-
crofibrils are arranged within a hemicellulose matrix, marginally covered by lignin,
which acts as incrusting material. The intercellular regions between cell walls ( mid-
dle lamella) are composed of 70–80% lignin by weight and act as a cementing material
to provide cell wall rigidity against growth stresses and other external loads[8].

Although the composition of secondary cell walls varies widely among different species
and cell types,the secondary cell walls usually contain cellulose, hemicelluloses, and
lignin as showed in Fig. 3.3.

Figure 3.3: Schematic illustration of cellulose,hemicellulose and lignin distribution in the Secondary Wall
and Middle Lamella, depicted from [12]

Cellulose makes up to 40% dry mass of secondary cell walls and is present as mi-
crofibrils. In addition to cellulose,hemicelluloses are important components in the
secondary cell wall for the structure formation and stabilization.

Lignin is another major constituent within secondary cell walls,and accounts for about
10–25% of total plant dry matter[10].
The chemical components of wood are mainly cellulose, hemicelluloses, and lignin,
which comprise ~40%, 15–35%, and 20–30% of the mass of wood, respectively[8].
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CHAPTER 3. THEORY

3.1.1 Cellulose

Figure 3.4: Schematic illustration of the cellulose structure,drawn with ChewDraw.

As one of the most abundant bio polymers in the world,the production of cellulose
by photosynthesis is estimated to be 1011 – 1012 tons per year. As one of the typ-
ical polysaccharides ,cellulose has a linear polymeric backbone consisting of anhy-
droglucose units. The units are connected between their C1 and C4 carbons of two
adjacent anhydroglucose units by forming β-(1,4)-glycosidic linkages. It is an essen-
tial structural cell component for many organisms in addition to plants,such as bac-
teria,algae and animals. Within plant secondary cell walls,cellulose chains tend to
organize into ribbon-like,para crystalline structures by further forming cellulose mi-
cro and macrofibrils that are embedded in a matrix of diverse polysaccharides and
glycoproteins[10].

3.1.2 Hemicelluloses

The second most abundant polymer after cellulose is hemicellulose which , shows
a lack of crystalline structure mainly due to the highly branched structure, and the
presence of acetyl groups connected to the polymer chain[12] as showed in the Fig.3.5:

Page 7 of 42



CHAPTER 3. THEORY

Figure 3.5: Schematic illustration of the hemicellulose structure,drawn with ChewDraw.

and due this is amorphous nature, degrade quickly. In contrast to cellulose containing
only D-anhydroglucose units, the complex hemicelluloses structures include various
anhydro sugar units with diverse proportions and substituents[10]. The backbone
of the hemicellulose polymer is built up by sugar monomers like xylans, mannans
and glucans; with xylans being the principal constituents of the hemicelluloses in
hardwood, and mannans being the dominant hemicelluloses in softwoods. Cellulose
and hemicellulose binds tightly with non covalent attractions to the surface of each
cellulose microfibril. Among other important aspects, the capacity to permeate water,
and thus, provide flexibility and support in the cell wall[8].

3.1.3 Lignin

Lignin is generally the most complex and smallest fraction, representing about 10% to
25% of the biomass. It has a long-chain, aromatic polymer composed largely of phenyl
propane units[12].
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CHAPTER 3. THEORY

Figure 3.6: Schematic illustration of the lignin main components structures : p-coumaryl alcohol,
coniferyl alcohol and synapyl alcohol,drawn with ChewDraw.

Lignins are three-dimensional polymers,which consist of non linearly and randomly
linked phenyl propane units.
The main building blocks of lignins are p-hydroxyphenyl (p-coumaryl alcohol) , gua-
iacyl (coniferyl alcohol) , and syringyl (synapyl alcohol) phenylpropanoid units, which
only differ in the degree of methoxylation[10], as showed in the Fig.3.6.

Lignin acts like a glue by filling the gap between and around the cellulose and hemi-
cellulose complexion with the polymers[12].They impart rigidity to the cell wall and
resistance to biological decay.Lignins also act as a water resistant adhesive between
lignocellulosic cells.[10] It is present in almost all kind of cellulosic plant biomass
and acts as a protective sheet against cellulosic and hemicellulosic components of the
biomass materials.
Lignin is consists of multifarious and large polymer of phenyl propane, methoxy
groups and non-carbohydrate poly phenolic substance, which bind cell walls con-
stituent together[12].

Importance of lignin

The presence of lignins in the tissue structure greatly determines the mechanical and
water related properties of wood.Various functions are attributed to lignins:

1. 1. To render wood waterproof. Lignins reduce moisture sorption and cause a
higher dimensional stability (restrict swelling and shrinking) compared to non-
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CHAPTER 3. THEORY

lignified tissues (lignin also plays an important role with respect to hysteresis
during moisture sorption of wood)

2. 2. To stiffen the cell wall. Lignins lend rigidity and compression strength to the
tissue and allow vascular plants to grow upwards.Trees transport the moisture
in th wood using a transpiration pull created by transpiration of water through
the leaves (transpiration tension).The cell walls can only withstand his high ten-
sion(pressure) because lignins impart a high compression strength.

3. 3. To bind wood cells together.Lignins located in the middle lamella act as a kind
of water resistant,non hydrolysable adhesive[10].

3.2 Degradation of Wood

Wood modification is an excellent and increasingly used method to expand the ap-
plication of woody materials. Traditional methods, such as chemical or thermal, have
been developed for the targeted improvement of some selected properties, unfortu-
nately typically at the expense of others. These methods generally alter the composi-
tion of wood, and thus its mechanical properties; enhance dimensional stability, water
resistance, or decrease its susceptibility to microorganisms. Although conventional
methods achieve the desired properties, they require a lot of energy and chemicals,
therefore research is increasingly moving towards more environmentally friendly pro-
cesses[13].

Wood changes dimensions with changing moisture content because the cell wall poly-
mers contain hydroxyl and other oxygen-containing groups that attract moisture
through hydrogen bonding. The hemicelluloses are mainly responsible for moisture
sorption, but the accessible cellulose, non crystalline cellulose, lignin, and surface of
crystalline cellulose also play major roles[14].
Alternating swelling and shrinkage due to changing moisture content induces the
formation of cracks in wood.Wood with high dimensional stability tends to a lower
degree of cracking[10].

In modifying wood for property improvement, one must consider several basic prin-
ciples when selecting a reagent and a reaction system. Of the thousands of chemicals
available, either commercially or by synthetic means, most can be eliminated because
they fail to meet the requirements or properties listed below. If hydroxyl reactivity
is selected as the preferred modification site, the chemical must contain functional
groups, which will react with the hydroxyl groups of the wood components. This
happened to be ,the cause for several failed reaction systems in the literature; using a
chemical that could not react with a hydroxyl group. The overall toxicity of the chemi-
cals must be carefully considered too. The chemicals must not be toxic or carcinogenic
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to humans in the finished product, and should be as nontoxic as possible in the treat-
ing stage. The chemical should be as non corrosive as possible to eliminate the need
for special stainless steel or glass-lined treating equipment.

In considering the ease with which excess reagents can be removed after treatment,
a liquid treating chemical with a low boiling point is advantageous. Likewise, if the
boiling point of a liquid reagent is too high, it will be very difficult to remove the
chemical after treatment. It is generally true that the lowest member of a homologous
series is the most reactive and will have the lowest boiling point. The boiling point
range for liquids to be considered is 90–150 ◦C. In some cases, the lowest member of a
homologous series is a gas[14].

A final consideration is, of course, the cost of chemicals and processing. In laboratory
scale experimental reactions, the high cost of chemicals is not a major factor. For
the commercialization of a process, however, the chemical and processing costs are
very important factors. Laboratory scale research is generally done using small batch
processing. But rapid, continuous processes should always be studied for scale-up.
An economy of scale can make an expensive laboratory process economical[14].

Delignified Wood

Figure 3.7: Schematic illustration of final look of wood after a successful delignification

The process of delignification makes wood highly hydrophilic with an aligned cellu-
lose structure and free OH groups. These free reactive OH groups,which are arranged
naturally as a potential functionalization site and the hierarchically aligned cellulose
structure allow DW( Delignified Wood), to be used as a biotemplate for the devel-
opment of various functional materials. During the last four years, DW was used as
a base material in the fabrication of transparent wood, bulk wood materials, mem-
branes, thermal insulators, phase change materials, solar cells, superflexible wood,
energy storage materials, textile fibers from wood, and many more applications re-
lated to replacing synthetic plastics[8].
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CHAPTER 3. THEORY

This leads to Wood to become very sensitive to moisture or water upon the removal of
the hydrophobic structural polymer lignin from the cell wall and the opening of the
cellular structure[8].

In wet conditions, DW is extremely flexible and can be easily molded into different
shapes. After drying, free OH groups form H-bonds with one another to fix the into
a molded shape. After delignification, the fibril aggregates in DW maintain their cell
configurations due to the complex nanofibril structure Immediately after delignifica-
tion, OH groups exhibit weak interactions[8].

The biggest problem of the existing solution-based delignification is that the low lignin
delignified wood might be damaged or broken into pieces in the bleaching solutions,
because lignin functions as a polymer matrix bonding agent for cellulose fibrils in the
cell walls to endow wood with high mechanical strength.
Wood cell walls comprise three ultrastructural domains: the middle lamella, the pri-
mary wall, and the secondary wall, among which the middle lamella acts to adhere
adjacent cells and is heavily lignified . After delignification, the mechanical strength of
the delignified wood is reduced, leading to severe cell wall delamination in the lignin-
rich middle lamella and breaking of the delignified wood into pieces by destruction in
the bleaching solutions[15].
For example, some wood species, such as pine, break into pieces after NaClO2 solution-
based delignification, limiting the number of wood species for transparent wood prepa-
ration. In this regard, handling and fabrication of delignified wood with a low lignin
content is still challenging[16].
Many methods were used, over the last years, to improve the properties of wood sur-
faces through modification. Herein, those methods are classified into two categories:
chemical methods and carbonization methods; where the latter relied on chemical
reactions or interactions to tone the properties of the utmost surface of the treated
wood[17].

For this project the methodology followed by a research group was adopted , where a
H2O2 steam-modified delignification approach is developed[15].
This method has been chosen over other methods, in order to achieve :a green method,
that could be reproduced with the least amount of chemical, to guarantee the avail-
ability of it, efficiency of the methodology and the safety during the modification. As
mentioned in the Chapter 3.2 these principles are very important in order to achieve
wood modification for property improvement.

As an oxidant, H2O2 can act as an electrophilic or nucleophilic agent, depending on
the pH of the reaction medium;in this case H2O2 acts as a nucleophile by forming
hydroperoxide anions (HOO−) under alkaline conditions, as shown in Equation 3.1 :
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CHAPTER 3. THEORY

H2O2 + HO− ⇌ H2O + HOO− (3.1)

The mechanism beside the delignification through H2O2 has been depicted in the
Fig.3.8 :

Figure 3.8: Schematic illustration of wood delignification through H2O2 drawn with Chem Draw;one of
lignin main components, coniferyl alcohol, has been used to present the mechanism.

The reaction proceeds with nucleophilic attack of hydrogen peroxide at Cα position
forming an intermediate epoxide. The α-carbonyl structures in phenolic units are
quantitatively cleaved to form the corresponding methoxy-hydroquinone derivatives
.In the presence of phenolic units, the reaction proceeds via a Dakin-reaction and the
intermediate formation of an epoxide,under alkaline conditions, is rapidly hydrolyzed
accompanied by cleavage of the Cα–C1 forming the corresponding methoxy hydro-
quinone derivatives. The mechanism representing this cleavage reactions is shown in
Figure 3.8 [18].
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Figure 3.9: Schematic illustration of the setup used to chemical modifications of the samples,reflecting
the methodology illustrated in [15]. A thermometer has added in the solution in order to monitor the
temperature; another becker has been placed in order avoid the vapor to be dispersed and help the
impregnation on of the sample.

Once the modification is completed the DW samples were washed with EtOH first and
then water; then placed in a weighing boat and then in the oven to dry , approximately
for 8hrs at 50°C. The newly dried wood slices of different sizes ( 50/25x25mm and the
thickness was 4,8 and 12mm) were steamed by placing them on grids with a unit
size of 5x5 cm, which were placed above (the distance was approximately 10 cm)
a boiling H2O2 aqueous solution (33-35 wt%), the whole setup was then covered in
order to void vapor dispersion. When the yellow color of the sample disappeared (it
took approximately 4–8 h depends on the wood sample thickness), the samples were
rinsed with cold water and ethanol.[15]

3.3 Wood-Water interaction

Lignocellulosic materials, like wood, are greatly influenced by the moisture content,
and water absorption leads to swelling and changes in all material properties; as me-
chanical strength, thermal and electric conductivity[19].
Wood will take up or release water, depending on the ambient relative humidity which
leads to a complex varying moisture content under natural conditions. Most wood

Page 14 of 42



CHAPTER 3. THEORY

properties show a strong influence of moisture contents from dry conditions up to
the fiber saturation point (FSP, usually defined as the moisture content at which the
cell wall is saturated with water, but the lumen are empty). Above the FSP, where
added water is held in cell lumen, and therefore not contributing to changes in the cell
wall, only properties that are directly influenced by the water content will change, for
example the electrical properties[19].
As mentioned ,it is important to understand how moisture enters the wood and how it
moves within the wood. Although wood is a porous material (60%–70% void volume),
its permeability or flow of water, is extremely variable. This is due to the highly
anisotropic arrangement of the component cells and to the variable condition of the
microscopic channels between cells. Wood is much more permeable in the longitudinal
direction than in the radial or tangential directions; its suggested that a large part of
the water in the cell wall may be located in layers around and parallel to the long axis
of the cell. It follows that the shrinkage and swelling of the cell-wall will be greatest
in the direction perpendicular to the wall;parallel to the grain[20].
Since wood is hygroscopic, it attracts moisture which bonds to the cell wall polymers
through hydrogen bonding.

Figure 3.10: Schematic illustration of the Water
molecules entering the wood cell wall,depicted
from [21]

Figure 3.11: Schematic illustration of a fully hy-
drated cell wall at the fiber saturation point, de-
picted from [21]

Fig.3.10 shows the mechanism of water molecules adding to the wood cell wall, while
Fig.3.11 the fully hydrogen bonded water in the cell.Hydrogen bonds between hy-
droxyl groups on and between hemicelluloses, cellulose and lignin are constantly
changing.

As moisture is added to the cell wall, wood volume increases nearly proportionally
to the volume of water added. Swelling of the wood continues until the cell matrix
reaches the fiber saturation point (FSP) and water, beyond the FSP, is free water in the
void structure and does not contribute to further swelling.
This process is reversible, and wood shrinks as it loses moisture below the FSP. Sorp-
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CHAPTER 3. THEORY

tion of moisture results in swelling/shrinking, cracking, coating failure, and surface
degradation.

3.3.1 Water-evaporation induced electricity

In general, wood is mainly composed of cellulose, hemicellulose, and lignin, which
are rich in hydroxyl that are on the wood microchannels can be hydrolyzed to appear
negatively charged when water infiltrates into the channels.
As a consequence, an electrical potential difference can be built up along the pressure
difference direction. Thus, a continuous direct current can be harvested from the
water flow driven by natural evaporation. The rationale for using wood to convert
evaporation energy into electricity is based on combined theoretical analysis[2].

3.3.2 Mechanisms

The generation of electricity derives from the effect of the streaming potential; but
evaporation play a decisive role in the power generation process. When the bottom
of the wood surface is placed in water,due to the hydrophilicity and strong capillary
force of the inner wood channel, the water climb up along the device and evaporated
from the surface and top of the it, and therefore,a stable capillary flow was formed
inside the wood channel of device.
When water infiltrate into the wood lumens ,due to the hydrolysis of these hydroxyl
groups,these would appear to be negatively charged;by virtue of the attractive force
on H+ and the repulsive force on OH− produced by the negatively charged surface
of the wood,an EDL would automatically come into being at the wood/water interface.

When the EDL is overlapped,there would exist massive H+ in the channel of wood
which moved with water flow and was enriched at the upper end of the device to
establish a polarization distribution as showed in the Fig 3.12.

Driven by a concentration gradient that diffused from the top to bottom,H+ migration
opposite to the direction of flow was formed,resulting in a streaming potential[22].
The mechanism of electricity generation from streaming current is shown in the Fig.
3.12
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Figure 3.12: Schematic illustration of the mechanism EDL depicted from [22]

Electrical Double layer

As mentioned earlier,streaming potentials are a subset of electrokinetic phenomena,
which includes electroosmosis, electrophoresis, and sedimentation potentials. Elec-
trokinetic phenomena are a consequence of a mobile space charge region that exists at
the interfacial boundary of two different phases. This region is commonly referred to
as the electrical double layer (EDL) [23].

The phenomenon arises because at the wood/water interface a charge distribution
often exists where there is an abundance of one species of ions close to the pore wall.
The most simplified approximations of the EDL can be represented by a parallel plate
capacitor (Helmholtz model) or a charge distribution that decays exponentially away
from the surface, Gouy–Chapman model, as showed in Fig 3.13 and Fig.3.14 . A more
accurate model takes into account the finite size of ions by combining the Helmholtz
and Gouy–Chapman models where a fixed layer exists at the surface (Stern layer) and
a diffuse layer extends from the fixed layer into the bulk solution (Gouy–Chapman
diffuse layer) as depicted in the Fig3.14.

The figure 3.13 depicts the Stern model which divides the electrical double layer (EDL)
into two parts: the Helmholtz layer and the diffuse layer. This gives three planes of in-
terest in the charge distribution of the Stern model:the Stern plane or outer Helmholtz
plane (OH),inner Helmholtz plane (IH) and the slipping plane (S).
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Figure 3.13: Schematic illustration of the the EDL
where (OH) is the outer Helmholtz or Stern plane,
and(S) is the slipping plane, the diffuse zone is rep-
resented by positive ions,depicted from [23]

Figure 3.14: Schematic illustration of
Gouy–Chapman model illustrated to show the
possible potential distributions, and the potentials
associated with these three planes of the Stern
model. depicted from [23]

The inner Helmholtz plane (IH) is where the ions are adsorbed to the surface; the
Stern plane (OH) is the plane where the diffuse layer starts and extends into the bulk
fluid, the slipping plane instead,the closest plane to the surface at which fluid motion
can take place, is located where the fluid velocity goes to zero when the fluid motion
is parallel to the surface. The latter has a potential defined as the Zeta potential(ζ) ,
which is a characteristic of the solid and liquid that constitute the interface.

Figure 3.14 shows the possible potential distributions, and the potentials associated
with these three planes of the Stern model.
The diffuse layer extends from the OH into the bulk of the liquid phase. The distance
at which the diffuse layer potential (ψ0) has been reduced to ψ0/e is referred to as the
Debye length. This is often used as a measure of how far the diffuse layer extends into
the bulk fluid[23].
The relative motion between the wood and water, in their interface causes movement
of ions parallel to the interface. An electrical convection potential is caused by the
movement of the ions, which under equilibrium conditions is balanced by an electrical
conduction current where the ions that were moved by the convection current try to
return to their original location.

Under many conditions the driving force for the motion of the fluid relative to the
solid wall is a differential pressure in the fluid, while the streaming potential signal
is the measured voltage. The ratio of the measured voltage across the sample to the
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CHAPTER 3. THEORY

pressure difference across the sample ∆V/∆P is called the streaming potential and is
given by the Helmholtz Smoluchowski equation5.5 [23]:

∆V
∆P

=
εε0ζ

ησ
(3.2)

Where ε refers dielectric coefficient of electrolyte ε0 is the permittivity of the fluid ζ

refers to the zeta Potential η refers to the electrolyte viscosity and σ refers to the the
fluid conductivity.

Page 19 of 42



4 | Methodology

4.1 Materials

• Wood supplied by the professor

• 5x5cm metallic grid

• Brass Mesh Electrodes

• Rubber bands

4.1.1 Chemicals and solutions

• NaCl was purchased from VWR Chemicals

• H2O2 33 − 35% was purchased from VWR Chemicals

• EtOH 96 − 99% was purchased from VWR Chemicals

• DI Water supplied by the university

4.1.2 Instrumentation

• Multimeter AMPROBE AM-240

• Thermometer

• Magnetic stirrer and heater LLG-RCT

4.1.3 Laboratory Tools

• Becker 250ml

• Weighing basket

• Lab tweezers
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4.2 Sample Preparation

The wood samples were cutted with a circular saw machine by the technician in order
to obtain the requested sizes for the testings:
The samples thickness chosen were 4, 8 and 12mm as showed in the Fig. 4.1 and the
dimensions chosen were,
50/25mm x 25mm( width x height).Typically 10 pieces for each thickness were cutted.
New samples they’ve been eventually re-cutted in case of fracture during the opera-
tions or in case the sample used were unusable for further operations after delignifi-
cation; for example due breaking or fractures.

Figure 4.1: Illustration of wood samples different thicknesses used in the experiments.
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4.3 Testing

Figure 4.2: Schematic illustration of the
setup used for the experiment, with the
wood generator placed in a Petri Dish
with water, and linked to the multime-
ter.

Figure 4.3: A closer look ,on the level of
wood sample immersed in water dur-
ing the testings.

For the fabrication of the wood generators , two Brass mesh electrodes were tied on
each side of a piece of wood using rubber bands; the generator was then connected
through wire cables to the multimeter; the instrument used for the data collection.The
device was then placed in a Petri dish ,as depicted in the Fig. 4.2 and water with dif-
ferent temperatures( 25 40 and 60°C degrees) was added, to a level just high enough
to cover the bottom of the wood, as showed in the Fig.4.3. The volume of water used
to fulfill the cover of the wood was determined visually after different trials; 14ml for
a thickness of 4mm and 20ml for the other two thicknesses were chosen.

The current and voltage signals from the wood nanogenerators were recorded in real
time using a multimeter and the voltage measurement were recorded every minute
since the bottom was covered.
They same setup was used to investigate the thickness/temperature and NaCl influ-
ence in the harvesting; for the electrolyte a concentration of 200ppm was added in
the water before immersing the wood samples. To obtain this concentration 2,8mg of
NaCl were measured for a volume of 14ml of water and 4mg for a volume of 20ml.
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4.4 Characterization

The microstructure and morphologies of the wood samples, prior and after modifica-
tions, are examined by the scanning electron microscope (SEM). The pore size distri-
bution and the porosity of the samples has been observed through the images . The
chemical compositions of the samples are characterized by Fourier-transform infrared
spectroscopy (FT-IR).

4.4.1 FT-IR

The FT-IR analysis were performed using BRUKER TENSOR II system; in order to
examine qualitative and quantitative changes in the wood sample after the delignifi-
cation; to verify a successful delignification. The instrument operates on the principle
that the interference of radiation between two beams creates an interferogram. This
interferogram is a signal produced as a function of the path length difference between
the two beams, which are reflected from two mirrors positioned within the interfer-
ometer block.

Figure 4.4: Schematic illustration of the FT-IR components.
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4.4.2 SEM

The SEM analysis were performed using EVO L15 ZEISS system; in order to examine
the microstructure and morphologies of the wood samples, prior and after modifica-
tions; to verify a successful delignification. SEM technology operates on the princi-
ple of directing a fine beam of high-energy electrons, into the surface of a specimen.
By analyzing the various signals generated from the specimen surface, its properties
can be determined. The pore size of the specimen has been pointed out in order to
emphasizes the eventual successful modification; in addiction the porosity has been
calculated from the images with the software IMAGE J.

Figure 4.5: Schematic illustration of the SEM components.
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5 | Results and discussion

5.1 FTIR spectrum

Figure 5.1: FT-IR spectra of untreated and delignified wood.

In the provided Fig. 5.1, the red spectra represents the FT-IR spectrum of normal (un-
treated) wood, the blue spectra instead, represents the spectrum of delignified wood.
To determine a successful delignification, characteristic peaks of lignin, cellulose and
hemicellulose are observed:

By examining the graph,there is a noticeable decrease in transmittance (indicative of
lower absorption) at the lignin characteristic peaks[24] around 1600 cm−1, 1510 cm−1

in the blue spectrum compared to the red spectrum. The peaks around 1050 cm−1

and 895 cm−1 appear relatively more prominent in the blue spectrum, suggesting an
increase in cellulose content relative to lignin.
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In case of a unsuccessful delignification, we would observe minimal changes in the
intensity of the lignin peaks between the treated and untreated samples, indicating
that lignin was not correctly removed. However, based on the provided graph, there
is a clear reduction in the lignin peaks, suggesting successful delignification.

In FT-IR spectroscopy, the O-H stretching vibration typically appears as a broad peak
due to hydrogen bonding. For wood and other cellulose-containing materials, the O-
H stretch is generally observed between 3200 cm−1 and 3600 cm−1. The presence of
a broad peak in the 3200 cm−1 to 3600 cm−1 region in both the red and blue spectra
confirms the presence of hydroxyl groups. A shape and intensity change, due to the
removal of lignin, suggest modifications in the overall hydrogen bonding network.

5.2 SEM images

(a) (b)

(c)

Figure 5.2: SEM image of the wood samples untreated(a), delignified(b) and post testing(c), for a 20µ

scale.

In the SEM images with a 20µ scale,a visual evaluation of the pore size increase or
decrease , pre post or after testing, of the wood samples,has been conducted. By
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comparing Fig. 5.2a and Fig. 5.2b , we can observe an increase of the pore size after
the delignification; in confirmation of a successful modification. In support to the
visual confirmation, the average porosity of the images have been calculated , through
a software called ImageJ. By isolating the pores , to be the only subject of interest
during the misuration, and then calculating the area size %; a porosity of 31.494% ,
37.252% and 31.068% has been calculated respectively for the untreated , delignified
and post experiment wood. Therefore ,not only we can state a visual increase in the
pores has happened, but this can be supported by an increase in in the porosity. The
post testing porosity, shows a decrease from the delignified samples, that might be
due the the swelling of the samples during the testing(while be immersed in water)
and then the shrinkage of the sample , while placed again in the oven to dry; this may
had cause a drop in the porosity of the sample.

(a) (b)

(c)

Figure 5.3: SEM image of the wood samples untreated(a), delignified(b) and post testing(c), for a 100µ

scale.

In the SEM images with a 100µ scale,a visual evaluation of the pore size increase or
decrease, it’s quite difficult in comparison to the Fig. 5.2. A higher concentration of
pores is show cased both in the Fig. 5.3b and Fig.5.3c in comparison to the Fig. 5.3a
; the latter shows a defined wood grain of samples , that kinda vanish when looking
back at the Fig. 5.3b, giving insight of the surface modification performed.
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(a) (b)

(c)

Figure 5.4: SEM image of the wood samples untreated(a), delignified(b) and post testing(c), for a 200µ

scale.

Differently from the 20µ we cannot visually observe pore size and and have an evalu-
ation of a reduction or an increase of it; but we still can clearly observe the presence
of a higher concentration of pores, either in the delignified wood and sample tested
post testing, in comparison, to the untreated wood ; to utmostly confirm the successful
modification.

5.3 Temperature and thickness influence in power generation

The data collected over time ,though the multimeter, has been plotted to obtain the
graphs showed below.
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(a) (b)

(c)

Figure 5.5: Voltage output over time for a 4mm(a) ,8mm(b), 12mm(c) DW samples ,in order to evaluate
the influence of different temperatures of water used for the harvest:

How different temperatures and thickness affects the DW sample voltage output(Vo)
has been observed:

To fully understand the voltage output , theoretical consideration has to been keep in
mind;
As the wood sample is tide in two electrodes , and immersed in water with different
temperatures, between the two electrodes a change of heat occur. Heat conduction is
the transfer of thermal energy through a material due to a temperature gradient, where
heat flows from a region of higher temperature to a region of lower temperature [25],
in this case from the electrode immersed in water and the one in the upper part of the
wood.
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Across the wood a temperature gradient forms up ,and can be defined as :

∆T =
dT
dx

(5.1)

Given the boundary conditions in the setup:

At x=0: T = Tair (temperature of the air-exposed side).
At x=L: T = Twater (temperature of the water-immersed side).

We can define the gradient as :

∆T =
dT
dx

=
Twater − Tair

L
(5.2)

Where
L is the wood thickness

Trough the temperature gradient formed, the voltage can be determined referring to
the Seebeck Effect.
The Seebeck effect is a thermoelectric phenomenon in which a temperature differ-
ence across a material generates an electric voltage; the voltage is proportional to the
temperature difference and the Seebeck coefficient of the material as depicted in the
following equation:

V = ∆T · Sc (5.3)

Where:

Sc is the Seebeck coefficient.
∆T is the temperature difference across the thickness.

We can then write the equation as :

V =
Twater − Tair

L
· Sc (5.4)

By investigating the differents graphs showed in Fig. 5.5:
We can observe how for the three graphs the thickness of the wood sample has been
kept constant for a better evaluation of temperature influence.
By keeping a parameter like the thickness constant, and referring to the Eq.5.3, and
keeping the Sc constant as the material doesn’t change , we can say that the Vo depends
mainly from the temperature; and we would therefore expect an increase of the voltage
proportional to the increase of the temperature. By looking at the Fig.5.5b and 5.5c
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we can see this theory is followed , where the 60°C graphs gives a lower Vo compared
to the 40°C, but progressively over time shows the highest one; but probably the time
of observation is not sufficient to completely determine the following behaviour. this
trend doesn’t follow Fig. 5.5a where the highest temperature shows the lowest Vo.
This anomaly could be commented with different potential explanations include:

1. A non-Uniform temperature Distribution: Variations in the thermal conductivity
or physical properties of the wood could lead to an uneven temperature gradient.
The interface between the wood and the brass mesh electrodes might not be
consistent, affecting heat transfer.

2. Contact Resistance: Different contact resistances at the water-immersed and air-
exposed electrodes can alter the effective temperature gradient. Poor thermal
contact at one of the interfaces could lead to a lower ∆T than expected.

3. Measurement Inconsistencies: Variations in the experimental setup, such as dif-
ferences in immersion depth or air flow around the air exposed electrode, could
affect the temperature distribution. Calibration or alignment issues with the
multimeter or wires could lead to inaccurate voltage readings.

4. Structural changes After the delignification the wood samples may incur in vari-
ations in its structure or composition that affect its thermoelectric properties.
Inhomogeneities can lead to irregularities in the voltage generated, especially if
certain areas have different Seebeck coefficients.

A further observation could be made by analyzing the behavior of the different graphs:
all of them progressively reach a peak within the the first 2min of time of observation;
to an eventual progressive and steady decrease in the Vo. These actions can be ex-
plained by referring to the Gouy Chapman model in Chapter3.3.2, where from the
observation of the Fig.3.14 we can deduct potential decay of the potential as we in-
crease the distance from the surface; phenomenon that occurs when the ions starts
from the bottom of the wood ( in contact with water) to reach the top of it.
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5.4 Nacl addiction influence

(a) (b)

(c)

Figure 5.6: Voltage output over time for a DW sample in order to evaluate the Nacl addiction in wa-
ter,influence.Different temperatures has been observed 25(a), 40(b) and 60(c):

The possible influence, of the addiction of an electrolyte like Nacl, in the water used to
harvest with wood, has been investigated through the Fig.5.6 ,over reported. For each
one of the graphs its clearly depictable the lower voltage output produced during the
testing with the addiction NaCl ; this phenomenon can be explained through a series
of theoretical and mathematical consideration; below discussed:
As mentioned in the Chapter 3.3.2, the streaming potential can be determined through
the equation :

∆V
∆P

=
εε0ζ

ησ
(5.5)
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In the same chapter , the Debye Length has been defined too; as the distance at which
the diffuse layer potential (ψ) has been reduced to ψ/e. Mathematically speaking it can
be expressed by using the Debye Huckel parameter,referred as κ,obtained by the lin-
earization of the Poisson-Boltzmann equation,that describes the electrostatic potential
distribution in the electrical double layer:

κ =

√
2Nae2 I
ε0εκBT

(5.6)

Where:
Na refers to the Avogadro Number
e refers to the elementary charge
I refers to the Ionic Strength
ε0 refers to the permittivity of the fluid
ε refers to the dielectric coefficient
κB refers to the Boltzmann constant
T refers to the Temperature

Through this parameter the Debye Length λD can be defined as:

λD =
1
κ

(5.7)

The Ionic Strength in particular, defined as a measure of the concentration of electri-
cally charged species in solution , can be expressed with following equation:

I =
1
2 ∑ z2

i ci (5.8)

Where zi refers to the valence of the ions and ci refers to the ions concentration.
So when observing an 1:1 electrolyte like NaCl , z− and z+ are both ± 1, and if c+ and
c− are the concentrations of the cation and anion respectively; the Ionic Strength can
be calculated and expressed as :

I =
1
2 ∑ z2

i ci =
1
2
⌊
c− · 12 + c+ · 12⌋ = 1

2
(c + c) = c (5.9)

Known most the values of the5.4 , for the case of a 1:1 electrolyte, κ can be reduced to:

κ =

√
I

0, 303
(5.10)

And this emphasize even more the influence of the concentration of an electrolyte
over κ.As the concentration increase, even κ increase and due the inverse proportional
relationship with λD, the debye length decrease. As the concentration of salt increase

Page 33 of 42



CHAPTER 5. RESULTS AND DISCUSSION

another effects is depictable, as the value of absolute zeta potential decreased due to
charge screening in electrical double layer[26].
As defined in the Chapter3.3 the zeta potential is the is the potential of the slipping
plane, and knowing the zeta potential is important for the characterization of electro-
chemical surface properties[26]. The zeta potential can be defined as:

ζ = ζ0 · e−κx (5.11)

Where:
ζ0 is the zeta potential at low ionic strength.
κ is the inverse Debye length
x is the distance from the surface.

At the shear plane, the distance x is characteristic of the double layer thickness, typi-
cally approximated as x ≃λD ≃ 1

κ . Hence:

ζ = ζ0 · e−1 (5.12)

However, a more precise model considering non-linear screening is given by:

ζ = ζ0 · tanh (κd) (5.13)

Since κ increases with concentration, tanh (κd) approaches 1, but for practical concen-
trations, ζ still decreases.
Given that the streaming potential (∆V) is directly proportional to the zeta potential
(ζ) as shown in the equation 5.5; as the concentration increases, the decrease in zeta
potential (ζ) leads to a decrease in the streaming potential. The more ions are present
in the solution, the more they screen the surface charge, reducing the effective zeta
potential and thus reducing the streaming potential.
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6 | Conclusion

The project aim , was to develop a method to convert low grade heat , such the ambient
heat, in usable forms of power and water production;this goal has been achieved.
Wood generators to draw electricity from natural evaporation, has been successfully
fabricated. It is based on rational design using streaming potential/current and capil-
lary pressure to harvest electricity. Properties and reason to investigate wood has been
described. The theoretical and mathematical side of the electricity generation has been
scrutinized trough equations as the Helmholtz-Smoluchowski, Poisson Boltzmann;
and models as the Stern model and the Electrical Double Layer. The influence of the
samples thickness and the water temperature has been investigated and commented,
trough the report; resulting in 8mm 40°C being the best temperature/thickness com-
bination to perform the highest voltage output. The correct modification of the wood
sample has been established through characterization analyses as the SEM ,by observ-
ing visually the microstructure and morphologies of the wood samples, and FT-IR to
observe the chemical compositions through the modifications processes.
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Spontaneous methods of electricity harvesting that only utilize ambient energy have
been widely explored in recent years; hence ,this topic opens the doors to various
possible insights: as mentioned,the wood chemical modification is an excellent and
increasingly used method to expand the application of woody materials; in literature
not many modification to render wood more hydrophilic have been studied, that could
even be possibly, not toxic and easily reproducible,is in that occurrence that exploring
modification used for other materials ,with kinda similar characteristics, could help in
this purpose.
Regards some possible additional modifications to increase the capabilities of these
wood generators, could have been a nanoparticles insertion. Minerals, such as ZnO
and Fe3O4 are beneficial for efficient water evaporation, further contributing to en-
hanced power generation.
Formation of a hierarchical nanostructure of iron oxides is attractive yet challenging.
There’s hypothesis that combining iron oxides with a hierarchical structure of wood
could provide the possibility to solve the issues and achieve efficient hydrovoltaic
power generation. Unfortunately due the absence of the instruments needed to per-
form a vacuum infiltration,that could ensure a homogeneous distribution throughout
the whole wood, this option couldn’t be pursued , but its worth to consider , in case
of further investigations in this topic.
Wood sample wise , consideration regards the use of different thickness and different
water temperatures could be made. Thin wood samples of 2mm has been tried to
test , but probably the modification through H2O2 was too harsh for this thickness,
leading to breaking of the sample once with the modification , or even during the
washing with water/ethanol. An intermediate thickness between 2 and 4 could be
observed. The effects of the temperature in the experiments has been remarked in the
Experimental Section (Chapter n°5), tests with water temperatures lower and higher
than the one used in the report could be effectuated to corroborate or find deviations
concerning the observations made in that chapter.
The implementation of membrane could probably ensure additional experiments. Af-
ter a verification of the correct functioning of our wood generators, replication of the
characteristics of the sample( pore size >1µm and a thickness in the order of mil-
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limeters) and then choosing the membrane type of interest (es. ceramic, polymer), the
usage of a 3D printer could be taken in consideration,to create membrane as a mimic of
wood. The 3D printer disponible in the laboratory, couldn’t unfortunately reproduce
those parameters as the resulting membrane would possess a flat sheet instead of the
tubular one, showed by the wood samples.This option could push the experimenta-
tions in the world of PWID s( Portable wearable implantable electronic devices) taking
advantage of the higher flexibility of the membranes in comparison to the wood. As
a further exploration of this topic , the water evaporated through the wood could be
tried to be collected in through a system linked to the setup used to produce voltage,in
order to ,render the wood sample, a generator of power and fresh water; as beneficial
to the current different request for sustainable wastewater treatments.
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