
American University in Cairo American University in Cairo 

AUC Knowledge Fountain AUC Knowledge Fountain 

Theses and Dissertations Student Research 

Summer 6-15-2021 

Fabrication and Characterization of Translucent Wood Composite Fabrication and Characterization of Translucent Wood Composite 

Using Egyptian Hardwoods: Casuarina & Eucalyptus Using Egyptian Hardwoods: Casuarina & Eucalyptus 

Sherif Elia 
The American University in Cairo, sherif88@aucegypt.edu 

Follow this and additional works at: https://fount.aucegypt.edu/etds 

 Part of the Environmental Engineering Commons 

Recommended Citation Recommended Citation 

APA Citation 
Elia, S. (2021).Fabrication and Characterization of Translucent Wood Composite Using Egyptian 
Hardwoods: Casuarina & Eucalyptus [Master's Thesis, the American University in Cairo]. AUC Knowledge 
Fountain. 
https://fount.aucegypt.edu/etds/1598 

MLA Citation 
Elia, Sherif. Fabrication and Characterization of Translucent Wood Composite Using Egyptian Hardwoods: 
Casuarina & Eucalyptus. 2021. American University in Cairo, Master's Thesis. AUC Knowledge Fountain. 
https://fount.aucegypt.edu/etds/1598 

This Master's Thesis is brought to you for free and open access by the Student Research at AUC Knowledge 
Fountain. It has been accepted for inclusion in Theses and Dissertations by an authorized administrator of AUC 
Knowledge Fountain. For more information, please contact thesisadmin@aucegypt.edu. 

https://fount.aucegypt.edu/
https://fount.aucegypt.edu/etds
https://fount.aucegypt.edu/student_research
https://fount.aucegypt.edu/etds?utm_source=fount.aucegypt.edu%2Fetds%2F1598&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/254?utm_source=fount.aucegypt.edu%2Fetds%2F1598&utm_medium=PDF&utm_campaign=PDFCoverPages
https://fount.aucegypt.edu/etds/1598?utm_source=fount.aucegypt.edu%2Fetds%2F1598&utm_medium=PDF&utm_campaign=PDFCoverPages
https://fount.aucegypt.edu/etds/1598?utm_source=fount.aucegypt.edu%2Fetds%2F1598&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:thesisadmin@aucegypt.edu


 

Fabrication and Characterization of Translucent 
Wood Composite using Egyptian Hardwoods: 

Casuarina & Eucalyptus 
 

A thesis submitted in partial fulfillment of the requirements for 
the degree of Master of Science in Environmental Engineering 

By 
 

Sherif Hani Zaher Elia 
 

 

 

Under Supervision of: 
 
 

Dr. Salah El-Haggar 
Professor, Department of 
Mechanical Engineering, 

The American University in 
Cairo 

 

Dr. Khaled Nassar 
Professor, Department of 

Construction Engineering, 
The American University in 

Cairo 
 

 

January 2021 
 

 

 

 

 



 ii 

Abstract 
 

Due to climate change and global warming, there is an increasing need for 

sustainable solutions in all industries. As one of the most important and growing 

industries worldwide, the construction industry has a huge responsibility towards the 

environment. It is responsible for the consumption of vast amounts of resources and 

consequently generating massive quantities of waste. Also, as the building sector is 

responsible for consuming large portions of the world energy and electricity, such 

buildings' efficiency and sustainability must be considered. While the world is working 

on balancing between consuming less and recycling more while maintaining the 

construction materials' effectiveness and efficiency, there is an immense need to 

develop more sustainable building materials that can increase buildings' efficiency 

while decreasing the effects on the environment.  

Thus, introducing transparent wood composite, which is basically fabricated 

using delignified wood pieces or fibers with a polymer, can be used in many different 

applications due to its advantages over other materials [1]. Due to its better thermal 

insulation compared to regular glass, it can be used in buildings' cladding to reduce its 

carbon footprint through proper insulation and adequate natural lighting. Accordingly, 

decreasing the energy and electricity required to ventilate and temperature control as 

well as the need for natural lighting. Consequently, saving tons of GHG emissions, 

which significantly contribute to global warming and air pollution and help preserve 

our environment. Also, it has high potential in solar energy due to its "high optical 

haze". Finally, on top of the benefits mentioned above, transparent wood is considered 

a sustainable material, to replace plastics and other materials, due to its better 

biodegradability [2]. The aim of this study is to fabricate transparent wood using 

Egyptian hardwoods (Casuarina & Eucalyptus) and optimize the fabrication process. 

First, a pilot study was conducted to design the experimental setup; then, three chemical 

treatment recipes were used to determine the most effective method. 

Moreover, the lignin modification method was selected for an in-depth study 

for lignin quantification using Klason lignin for both wood species. Since Casuarina 

had less lignin content (to begin with (29% compared to 35% for Eucalyptus), it 

required little to no further treatment after the end of the first treatment process. 

Consequently, Casuarina wood was selected for the fabrication of transparent wood 
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using the lignin modification method showing good optical properties with 72% 

transmittance and 95% haziness. Also, TWS was fabricated from Casuarina sawdust 

using the lignin modification method and showed better overall high optical properties 

with transmittance around 80% and haziness of 85%. Therefore, a scalable treatment 

process for sawdust was tried using commercial bleach to introduce a more feasible 

method. Finally, the optical properties for the TW and TWS were compared to three 

types of glass (regular, sanded, and rain glass) as an alternative material in which the 

TWS showed comparable light transmittance compared to regular and rain glass with 

85% and 82% respectively. At the same time, TW had similar results to the sanded 

glass, which had around 72% light transmittance. On the other hand, TW had the 

highest optical haze with 95%, followed by TWS and sanded glass with 77% showing 

a better overall behavior for TW and TWS over the glass. 
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1. Chapter 1: Introduction 

1.1. Construction Industry Development 

The construction industry is a growing industry all over the world. The 

European Union (EU) estimates that the construction industry represents around 28% 

of its industry sector and about 7% of its economy. As one of the largest sectors, it 

consumes more resources and energy than any other sector [3]. Consequently, as it is 

responsible for consuming vast amounts of resources, it generates a lot of waste. Since 

the world has been facing many challenges due to environmental and climate changes, 

switching to green alternatives has become necessary. Thus, sustainability is being 

considered throughout the different stages of building construction, starting from 

building material selection, buildings operations, and waste disposal. 

To begin with, the selection of sustainable building materials is an increasing 

need all over the world to lessen the effects on the environment from the manufacturing 

process and waste disposal. Some of the building materials' manufacturing process is 

energy-intensive, such as cement, steel, and glass. On the other hand, the materials used 

significantly affect the carbon footprint of buildings. For instance, if the façade cladding 

for office and commercial buildings is not properly insulated, it would significantly 

affect the HVAC operation to maintain the appropriate room temperature. Thus, 

significantly increasing the building's energy consumption and the operational costs 

and consequently, the environmental impact. 

Moreover, tons of construction and demolition waste (CDW) is being produced 

every year. In 2009, CDW compromised around 25 to 30% of the total generated waste 

in the EU, over 500 million tons [3]. Although some of these wastes are recycled, 

massive amounts of waste are discarded, which puts a considerable burden on the 

environment and the countries' economies. In conclusion, the construction industry 

contributes greatly to the depletion of resources while overloading landfills with CDW 

and increasing its contamination. Also, increasing the energy consumption for the 

manufacturing and transporting of materials besides the buildings' operational needs. 

Thus, immensely contributing to global warming, which creates health problems due 

to extreme weathers and air pollution [4]. 
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1.2. Buildings Energy Consumption & Emissions 

According to the World Bank, it is estimated that more than half of the global 

carbon dioxide (CO2) emissions attributed to electricity and heat production. The 

contribution of each sector's emissions is as follows; 49% electricity and heating, 20% 

transport, 20% manufacturing industries and construction, 9% residential buildings and 

commercial & public services, and around 2% from other sectors [5]. Since only around 

22% of the global electricity production comes from renewable sources, vast amounts 

of greenhouse gas (GHG) are emitted every year [6]. To put things in perspective, the 

GHG emissions in 2016 for electricity & heating, buildings, and waste was estimated 

to be more than 19 billion tons out of a total of 49 billion tons emitted in the same year. 

In other words, the construction industry and buildings operation could be directly and 

indirectly responsible for a large percentage of the 40% of GHG emissions worldwide 

[5]. Figure 1 shows the world GHG emissions for each sector in 2016. 

 

Figure 1: World GHG emissions by sector in 2016 showing electricity and heat to be the biggest 
contributor in GHG emissions [5] 

The three top annual contributors for CO2 emissions are China, US, and EU28 

(28 states in the European Union) [7]. The annual share for the top three is 27%, 15%, 

and 9.8% respectively. However, if the EU countries were considered separately, the 

top three contributors would be China, the US, and India, with 27%, 15%, and 6.8% 
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respectively. When taking the population into account, the US has 16.24 tonnes of CO2 

emissions per capita per year, which is the highest followed by Japan and China with 

9.45 and 6.98 tons of CO2 emissions per capita per year. The total CO2 emissions in 

2017 were more than 36 billion tons compared to 2 billion tones in 1990 [5]. Due to 

this rapid increase in CO2 emissions in the atmosphere during the twentieth century, 

there has been a spike in the earth's temperature, causing catastrophic events. 

Accordingly, the world's efforts have been working on various ways to lessen the 

emissions and protect the environment. The energy sector is considered one of the most 

polluting sectors, responsible for approximately half of the CO2 emissions [5]. In 

Europe, around 40% of energy consumption is attributed to the buildings sector [8]. 

The energy consumption depends mainly on the type of building and the activities that 

take place in it. The EU estimates buildings' total floor area to be around 24 billion m2 

with residential buildings accounting for around 75% and 25% are the non-residential 

buildings [8]. Non-residential buildings include retail & wholesale trade buildings, 

office buildings, education, hotels, restaurants, hospitals, sports facilities, and others. 

Retail and office buildings combined represent more than 50% of the total floor area of 

the non-residential with 28% and 25% respectively. They are followed by educational 

buildings accounting for 20% while hotels, restaurants, hospitals, and sports facilities 

combined accounting for around 22%. Residential buildings annual energy 

consumption is 200 kWh/m2 of floor area while the non-residential is around 295 

kWh/m2, with an average of 220 kWh/m2. Obviously, the energy consumption is 

different in each country in the EU with hotter climate countries (e.g. Spain) consuming 

less compared to colder climate countries (e.g. Finland); illustrated in Figure 2 [8]. This 

is because heating is the primary energy use in cold countries, accounting for around 

67% of households' total energy consumption. Regarding the non-residential buildings, 

around 50% of the energy consumption is attributed to the trade (retails & wholesales) 

and business (offices) sectors. Moreover, on average, lighting energy consumption is 

about 20% [8]. 
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Figure 2: EU Annual Energy Consumption by Country in 2009 per floor area [8] 

 

Similarly, the US commercial and residential buildings consume around 39% 

of the energy end-use, with residential buildings accounting for 21% and commercial 

buildings for 19%. More than half of the energy consumption for residential and 

commercial buildings goes to the HVAC & illumination, in which thermal comfort 

(heating & cooling) accounts for around 36% while lighting accounts for 18% [9].  

Figure 3 shows the energy use in the US for industry, transportation, and buildings 

sectors. Moreover, it illustrates the percentage of building types and energy 

consumption for each activity. Comparing different developed countries for residential 

energy use, the energy consumption of heating is the largest. For instance, some 

developed countries' energy consumption, such as US, Canada, Germany, UK, France, 

and Japan, for the residential building's energy required for heating is relatively high 

compared to other demands [9]. The most energy-consuming commercial buildings in 

the US are retail, offices, and hotels, with 32%, 18%, & 14% respectively, compared to 

22%, 33%, 30% in Spain and 22%, 17%, & 16% in the UK [10]. On average, the US's 

energy consumption for such commercial buildings is 280 kWh/m2 annually, which is 

relatively higher compared to residential buildings with around 150 kWh/m2 annually. 

Taking an in-depth analysis for office buildings energy consumption, the HVAC 

consumes 48% while the lighting consumes 22% compared to 55% & 17% for the UK 

and 52% & 33% in Spain [10]. This means that in office buildings, HVAC & lighting 

accounts for more than 70% of the energy consumption. Thus, concluding that HVAC 

and lighting are the most influencing factors in energy consumption in the commercial 

and residential buildings. 
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Figure 3: Breakdown of energy consumption for residential and commercial buildings in the US [9] 

According to the European Commission report in 2019, the total global 

emissions for fossil CO2 exceeded 35 gigatons since 2012. The power industry and 

buildings CO2 emissions are more than 50% of the total global CO2 emissions, with 

around 20 gigatons in 2018. Based on the report, the power industry and buildings are 

also responsible for around half of the fossil CO2 emissions in Egypt, with total 

emissions of more than 320 megatons of GHG out of which 238 megatons were CO2 

emissions [7]. 

1.3. Energy Efficient / Green Buildings 

In light of the increasing demand for energy consumption as well as GHG 

emissions, various efficiency trends have been adopted around the world. Various 

building codes have been introduced to certify buildings as green or energy efficient in 

order to meet countries’ sustainability goals. Building certifications and codes, such as 

Leadership in Energy and Environmental Design (LEED), Building Research 

Establishment Environmental Assessment Method (BREEAM), Energy Efficiency 

Building Code (EEBC), and Tarsheed & Green Pyramid in Egypt have become crucial 

tools in the fight for sustainability [11]. These codes aim to give inclusive guidelines 

for more sustainable buildings throughout its lifecycle, starting from construction to 

operations efficiency. Some of the categories included in the codes are regarding water 

efficiency, energy efficiency, CO2 emissions, resources impact on the environment, and 

indoor air quality. Each code has different certification levels depending on the final 

scoring of the building from each of the required categories. These guidelines are 
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applicable in newly constructed buildings and existing buildings as well. Over the 

course of 12 years in the EU, due to the efficient methods adopted, the energy 

consumption per m2 for households decreased by around 15%. In the period of 20 years, 

the EU has upgraded the standards for new buildings, which resulted in decreasing the 

consumption per m2 by approximately 40% [8]. However, unfortunately, strict 

standards for new buildings cannot solve the problem alone without considering 

existing ones. Since it depends on the percentage of new developments in each country 

to affect the decrease in overall consumption, targets cannot be met without modifying 

existing buildings. That is why countries have been issuing regulations for existing 

building retrofitting in order to be able to reach their set targets. Figure 4 shows the 

contribution of new households in decreasing energy consumption vs the total saving 

for the period of 19 years (from 1990 to 2009) [8]. 

 

Figure 4: The percentage of total savings in energy consumption in the EU by country vs. new 
households savings showing the effect of retrofitting existing buildings on energy savings [8] 

 

Figure 5: The energy consumption in the EU by country for heating per m2 of floor area in tear 1997 
vs 2009 in kilograms of oil equivalent (koe) [8] 
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On the other hand, due to global warming, air conditioning in hotter countries 

in the EU has increased in the past years. Southern countries in the EU, such as Croatia, 

Bulgaria, Malta, and Cyprus, are among the high energy-consuming countries for air 

conditioning. It was estimated that the average household in such countries consumes 

energy for air conditioning ranging from 450 to 650 kWh in 2009 [8]. Furthermore, 

lighting is a significant source of energy consumption in households that should be 

considered. The average EU consumption per household for lighting is 450 kWh per 

year ranging from 200 kWh for Slovakia to 900 kWh for Sweden [8]. 

 

Figure 6: Energy consumption for lighting in EU per country in years 1990, 2002, &2009 [8] 

Regarding commercial building, in some countries, such as Germany and 

France, space heating consumption represents an average of 65% of the total energy 

consumption, with trading and office buildings as the most significant [8]. 

 

Figure 7: Percentage of energy consumption in the EU by country for the commercial sector [8] 
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1.4. Construction & Wood Waste 

Due to its uses in many applications and sustainability, wood is heavily 

consumed in the construction industry as a primary source for various applications, 

such as homes, furniture, paper, cardboard, and many other supplies; thus it impacts the 

society’s lifestyle [12]. Due to the high consumption of natural wood, vast amounts of 

trimming, cut-offs, sawdust, and other wood wastes are produced due to wood 

processing. For instance, about 40 to 50 % of the wood mass is considered waste after 

the tree harvesting operation. This waste includes the branches, knots, and roots of the 

trees are most likely left behind in the forest. Some of the waste is left in the soil to 

preserve its nutrients while the rest can be used as fuel in various forms, such as wood 

chips, pellets, and firewood. Out of the 50 to 60 % of the wood mass harvested, around 

40 to 60 % is considered to be waste during the timber sawing process. Afterwards, 

what is left out of the tree that can be used in its intended purpose is about 25% [13]. 

Thus, leaving massive amounts of wood waste that can cause many problems ranging 

from their disposal cost to their danger to the environment if not disposed of properly. 

Although there are many uses for wood waste, their disposal is still very difficult 

because it is a source of great hazard because of its flammability. Therefore, the best 

approach is to reduce wood waste as much as possible while using the right means to 

recycle the remaining waste to decrease our consumption of the raw material and 

properly dispose of the residuals. 

There are various wood waste sources, such as industrial and commercial 

activities, construction and demolition activities, and part of the municipal solid waste 

streams [14]. Industrial activities include all the various processing phases of wood to 

convert from a tree to different products. These phases are divided into primary 

processing and secondary processing. Primary processing includes in-forest processing, 

such as cutting down trees, trimming, and saw-milling. In order to be processed, only 

2/3 of the tree is taken while the rest is considered to be waste and only 25% of the tree 

is used after processing [13]. While secondary processing includes all processes that 

convert timber logs to lumber and various finished products, construction and 

demolition activities also produce various types of wastes, including wood waste. 

According to a study in the US, on average, 31% of the construction and demolition 

waste (CDW) is wood waste [15]. The study results expressed the C&D waste 

characterization by weight percent and are illustrated in Figure 8. 
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Figure 8: Construction and demolition waste characterization by weight percentage in the US showing 
the wood waste with the highest percentage of 31% [15] 

 

It is estimated that the CDW generated in the US per year is more than 100 million 

tons of CDW while contributing to 29% of the total solid wastes generated in the 

country and around 23% in Hong Kong (total of 20 million tons of CDW) [16]. 

Similarly, in the UK and Australia, the CDW compromises 50% and 30% of the total 

landfilled solid wastes. While contributing 38%, 19%, and 14% in Hong Kong, 

Germany, and Finland, respectively [16]. In the UK, 32% of wood waste is considered 

construction and demolition waste while around 42% from commercial and industrial 

sectors (C&I). The wood waste produced composition is categorized as follows; solid 

wood, particleboard, MDF, plywood…etc. More than 55% of the wood waste is 

considered solid wood, followed by particleboard and MDF with a combined 

percentage of around 20%. Also, there are sums of wood waste generated from 

residential wastes that are either collected separately or within the mixed Municipal 

Solid Waste (MSW). Although people might believe that the amounts of wood waste 

in the MSW are minimal, some statistics show otherwise. For instance, in the UK, 

statistics show that MSW contributes up to 19% of the total wood waste collected in 

the country [17]. Figure 9 shows the wood waste generated by each activity annually 

in the UK. 
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Figure 9: Wood waste generation percentage per sector in the UK [17] 

According to a study in Shanghai, CDW generated in 2012 was approximately 

13.5 million tons with the construction waste responsible for more than two-thirds of 

that amount [18]. The waste's main components were concrete and bricks, forming 

around 80% of the total amount followed by wood waste ranging from 8 to 11%, 

followed by steel and gypsum. Moreover, the generated waste is divided almost evenly 

between the residential and non-residential buildings although in recent years compared 

to a decade ago, the residential buildings generated more than 70% of the CDW[18]. 

Recycling of wood waste is very popular among developed and developing countries. 

For instance, sawdust is used in many applications like diet for rabbits and mixed with 

animal wastes to be used as fertilizers for some plants while cut-offs (scrap) can be used 

as wood for fireplaces. These simple applications cannot consume the vast amount 

generated every year. That is why industries have taken part in recycling waste to 

produce products that can decrease our natural resource consumption. For example, 

wood composites or sometimes called engineered wood, such as particleboard, 

plywood, MDF…. etc. Some of these products are manufactured using wood waste, 

such as the wood chips [15], [19]. Engineered wood has become very popular 

worldwide in manufacturing furniture, construction forms, and packaging. There are 

several types of wood composites, such as counter boards made of small pieces of wood 

waste (cut-offs), chipboards made of sawdust, and MDF boards, which are made of 

paper waste. Although different kinds of wood waste from secondary processing can 

be recycled, the massive forest residuals form a huge problem in countries with a high 

density of forests as well as the wood waste generated from CDW and MSW [15].  

Figure 10 shows the amount of utilized wood waste in CDW vs the amount disposed 

of. 
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Figure 10: Breakdown of wood uses generated from construction and demolition waste [15] 

The common use of wood waste is divided between being used as fuel, produce 

engineered wood, or in landfill covers. Unfortunately, most of it is being disposed of in 

landfills or incinerated [15]. However, many other opportunities can be explored to 

recycle or upcycle wood waste to produce high-value products, which can lead to the 

preservation of forests. Thus decreasing the deforestation effect on the environment, 

which include reducing pollution, fighting global warming, reducing desertification, 

protecting biodiversity, and improving air, water, and soil quality [20]. 

1.5. Wood Composites/Engineered Wood 

For the above-mentioned needs, industries have taken part in recycling the 

waste to produce engineered wood/wood composites that can decrease our natural 

resource consumption. For example, wood composites have become very popular 

worldwide in manufacturing furniture, construction forms, and packaging. There are 

two main categories for the wood composites, wood and natural fiber-based composites 

& natural fiber and plastic composites. 

1.5.1. Wood and Natural Fiber Composites 
To begin with, wood and natural fiber composites are made out of wood and an 

organic polymer. There are several examples of it, such as counter boards made of small 

pieces of wood waste (cut-offs), particle boards made of wood chips, MDF boards made 

of paper waste, and plywood & laminated. According to APA–The Engineered Wood 

Association which “is a nonprofit trade association representing manufacturers of 

engineered wood products in the United States and Canada glued-laminated timber 
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(Glulam), plywood, oriented strand board (OSB), structural composite lumber (SCL), 

I-joists, crack-resistant panel siding, speciality products, including radiant barrier 

sheathing, furniture frames, truck and recreational vehicle bodies, and signs” are all 

examples of engineered wood products. Figure 11 shows the approximate density of 

the different engineered wood products with the length of the wood used in the 

manufacturing process for each [19]. 

 

 

Figure 11: The classification of natural fiber composites by raw materials input, length of major wood 
element, and density [19] 

 

 “Engineered wood products as a material class are dependent upon effective 

adhesive bonding for their manufacture and superior performance as compared to solid 

wood” [19]. Generally, wood composites are designed to have better mechanical 

properties and utilize the high quality of wood resources. The manufacturing process 

for engineered wood may differ depending on the raw material input, adhesive type, 

and intended end product. However, there are general manufacturing processes that are 

common between the different engineered wood products/wood composites, such as 

the preparation of input material (sawing & sanding), drying (moisture content control), 

adhesive application, forming, and sawing and sanding of the finished product. Figure 

12 shows the general processes for the above-mentioned engineered wood products 

[19]. 
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Figure 12: General schematic for wood composites manufacturing process [19] 

 

Wood and natural fiber composites can be classified into five main categories: 

laminated timber, plywood/laminated veneer lumber, strand composites, 

particleboards, and medium density fibers boards. First, laminated timber, the word 

laminated basically means building up in layers. There are two types of laminated 

timber, Glued laminated timber (Glulam) and Cross-laminated timber (CLT). Glulam 

is layering of plywood and veneers glued together to create structural elements, such as 

columns, beams, ...etc. Glulam elements' dimensions can be as long as 30m and 1.8m 

in depth, which are made out of 3.5 - 3.8 cm thick. Typically, the moisture content of 

the Glulam is between 12 - 16 % in order to minimize the dimensional changes. The 

CLT is similar to the Glulam, but its layers are laid perpendicular to each other like 

plywood. Second, plywood/laminated veneer lumber is basically like the laminated 

timber, but instead of using layers of lumber, layers of veneers are used. Plywood is 

made out of layers of veneers glued perpendicular to each other while the laminated 

veneer is glued parallel to each other. Figure 13 shows the typical production line for 

the laminated veneer lumber (LVL). Third, strand composites are mainly flakes of 

wood, glued together to form boards called oriented strand boards that can be glued 

together in layers to create laminated strand lumber and oriented strand lumber [19]. 
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Figure 13: Laminated veneer lumber (LVL) manufacturing process schematic [19] 

 

Fourth, is the particleboard, which is called “nonstructural adhesive-bonded 

composites”. Particleboards are made out of wood waste residue broken down to small 

sizes and dried to 2-8% moisture content and then mixed with resin and compressed 

under high temperatures (150 C - 220 C). Finally, medium density fiberboards are made 

out of pulp chips with moisture content 8-12% and compressed with resin (8-10%) at 

high temperatures (150C - 190C). Similarly, the hardboard has a higher density, thinner 

thicknesses, and less resin content (2%). Three main types of resin are used in the 

manufacturing of the engineered wood, urea-formaldehyde (UF), melamine-

formaldehyde (MF), and phenol-formaldehyde (PF) resin. Generally, there are two 

types of adhesives used to bond wood/wood fiber, natural (naturally occurring) and 

synthetic (man-made) adhesives. “Adhesives or adhesive raw materials of natural 

origin include blood protein, milk protein, starch, tannins, and lignin. Examples of 

synthetic adhesives are urea and phenol-formaldehyde resins, isocyanates, and 

polyvinyl acetate” [19]. Natural adhesives are usually used to produce wood and natural 

fiber composites while synthetic adhesives (such as plastics) produce natural fiber 

plastic composites. The classification of adhesives by origin and structural integrity can 

be shown in Table 1. 
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Table 1: Adhesive classification by structural integrity [19] 

 

1.5.2. Natural Fiber and Plastic Composites 
Natural fiber plastic composites are made out of natural fibers glued together 

using plastic-based adhesives. Synthetic petrochemical polymers can mainly be 

classified as plastics, thermoplastics, and rubbers [19]. Figure 14 shows the 

classification of petrochemical polymers based on the molecular bonding property.  

 

Figure 14: Classification of petrochemical polymers based on the molecular bonding property [19] 
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There are four main technologies to manufacture plastic composites. To begin 

with, extrusion is mainly the use of an extruding screw to push the material through a 

heated unit to melt the polymer and pumping it from the other side. The extrusion rate, 

feeding rate, and temperature are the manufacturing process parameters adjusted as 

desired. This method can be applied using single or double screws to produce fiber 

plastic composite. Also, different polymers can be used and mixed using this method, 

and it is called coextrusion, which like extrusion can use single or double screws or a 

combination of both. Second, is the injection method in which the material is pressed 

in a heating unit with a screw then injected in the desired mold and cooled.  

Similarly, to the extrusion, the injection method is basically heating the polymer 

through heating units which creates the polymer paste that is then injected into the mold 

with the desired shape. The process is usually used for thermoplastic pellets. Third, is 

compression molding, which is mainly compressing the heated polymer into a 

preheated mold with the desired additives. This method can be used for different forms 

of plastics, such as powder or pellets and accordingly, the time, temperature, and force 

are selected. If thermoset is used, the sample is cured in the hot mold and then removed 

from the mold and finally, the thermal forming of thermoplastic sheets into desired 

shapes. The process involves heating the plastic sheets and pressed into the desired 

molds until it is cooled down and then removed. The process can be executed through 

mechanical thermoforming, air thermoforming, or vacuum thermoforming [19]. Wood-

plastic composite is widely used as a building material and mainly manufactured using 

the extrusion method. The manufacturing process is selected depending on the final 

product desired and the type of recycled wood and plastic waste mix used. The three 

main methods used in the manufacturing process can be illustrated in Figure 15, 

showing the main technology used is extrusion using single or double screws with 

different orientations for the setup [19]. 

 

Figure 15: Wood-plastic composites manufacturing schematics using single or double screws with 
different orientations for the setup [19] 
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1.6. Wood Waste Opportunities 

In this regard, the rapid rate of deforestation can cause the depletion of timber 

and paper products that form about 51% of global GDP. Moreover, it is discussed that 

losing biodiversity causes the deterioration of people’s well-being and drives them into 

poverty. The preservation of forests protect our natural resources and preserves “80% 

of terrestrial species” [21]. Another benefit is improving the quality of life in general; 

as mentioned before it improves air, water, and soil qualities that directly affect 

people’s health. That brings us to the social and economic benefits as it can significantly 

affect our society in various ways.  

To begin with, governments, especially in developing countries, have a huge 

burden regarding health care costs. Protecting our forests could contribute to decreasing 

this burden while maintaining a better quality of life. Also, lower carbon emission is 

one of the most critical environmental benefits because it enhances air quality by 

reducing both pollutions and temperature increase. This could be easily achieved 

through adopting renewable energy systems. Global energy emission is expected to 

increase by 45% by 2030, while the global temperature is expected to rise 6 degrees 

[21]. Renewable energy from wood waste will not only protect the environment by 

decreasing the above-mentioned concerns but also to create 20 million jobs in the 

renewable energy sector (biofuels, solar PV, and wind) alone by 2030.  It is expected 

that if the world invested 630 billion USD, it would create 20 million green jobs by 

2030 [21]. Thus, if the world invested in renewable energy systems and green services 

and products production and exporting will help create job opportunities while 

contributing to public health[20]. As a result of the above measures, sustainable 

development, economic development, social equity, and poverty reduction could be 

achieved [22]. Therefore, through recycling and renewable energy, green jobs are 

created that can minimize unemployment rates as it has been a massive problem in 

many developing and developed countries in recent years, causing a burden on 

governments and societies. 
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2. Chapter 2: Literature Review 
Wood is one of the most consumed renewable organic building materials. It is 

widely used in the construction sector due to its properties and sustainability, which is 

currently crucial in any industry. The appealing properties of wood, such as relatively 

low density (compared to other construction materials), high strength, and low thermal 

conductivity, makes it versatile and widely used in countless applications [1]. 

2.1. Wood Types, Structure & Properties 

Natural wood is divided into two main categories, softwoods and hardwoods. 

Softwoods come from cone-bearing trees with needle-like leaves that do not produce 

seeds (conifer trees), while hardwoods come from broad-leaved trees that produce seeds 

(flowering plants). Although hardwood trees are slow growing, making it denser than 

softwoods, some hardwoods can be softer and lighter than softwoods and vice-versa. 

Generally, softwood and hardwood trees trunks consist of two main sections, the inner 

layers, which are called heartwood and the outer layers, which are called sapwood. 

Young trees can have sapwood throughout its cross-section, but as the tree grows, the 

old sapwood turns to heartwood, which is usually darker in color. This is due to the 

increase of the extractive content in the wood cells. Sapwood cells then turn to inactive 

cells, and the heartwood is formed, which is less permeable and less prone to decay. 

Since the channels present in the wood is clogged, it is more difficult to treat heartwood 

compared to sapwood. Wood usually form identifiable cell clusters in a growing season, 

forming what is called growth rings or annular rings, from which the age of the tree can 

be estimated [23]–[25]. While the tree is growing, new cells are produced which form 

the growth ring. The cells produced and the start of the growth cycle form a specific 

cluster that differs from those produced at the end of the cycle. The first cell cluster 

produced is called earlywood, and the following ones are called latewood. This 

phenomenon is because each cluster of cells is formed in a different season in different 

temperature and climate conditions [23].  

 

 

Figure 16 shows a typical cross-section of a tree trunk illustrating the sapwood 

and heartwood sections as well as the difference in formation for the earlywood and 

latewood for both softwood and hardwood. 
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Figure 16: Tree Trunk Cross-section(left) & Growth Ring Cells [23] 

One of the most distinguishable features of hardwoods is the presence of 

vessels, which contributes to a more porous surface compared to softwoods. These 

vessels are aligned together and form channel-like pores that can be observed in a tree 

trunk cross-section. These vessels could vary in size from 30 to 300 µm in diameter 

and 100 to 1200 µm in length [23]. The vessels can be distinguishably identified in a 

cross-section sample under the microscope for hardwood compared to the softwood, as 

shown in Figure 17. 

 

Figure 17: Cross-section of softwood (left) & hardwood (Right) showing vessel size comparison [23] 

Mature wood cells are majorly composed of the cell wall and cell lumen. First, 

the cell lumen is basically a void, which is mainly responsible for the transportation of 

water throughout the tree. While the cell wall is the main structure of wood cells and is 

divided into three sections: the middle lamella and the primary & secondary walls. The 

Softwood Hardwood Tree Trunk Cross-section showing 

the outer layers expressed in the bark, 

the sapwood, heartwood, and finally 

the pith, which is located in the center 

The earlywood and latewood cells 

are formed in different seasons to 

create a growth ring or increment 
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three main components of the wood structure of the cell wall are cellulose, 

hemicellulose, and lignin. The cellulose and hemicellulose combined are the major 

carbohydrate components of the wood cell and are referred to as holocellulose, which 

are the wood cells' main structure. While lignin is the organic polymer, which is the is 

the binding agent that glues the holocellulose together. Collectively, the holocellulose 

and lignin are referred to as lignocellulose. In addition to these components, there are 

small amounts of organic substances called extractives and inorganics, which are called 

ash (relatively small percentages). The sections of the cell wall are illustrated in Figure 

18. As mentioned above, the lumen, which is the cell's void, is surrounded by the 

secondary wall, then the primary wall, and finally the middle lamella. The secondary 

wall is divided into three layers, called S1, S2, and S3. S2 is the thickest of the three 

layers and is considered the most important as it contributes greatly to the properties of 

wood [19], [23]–[26]. Although the lignin can be found throughout the cell wall from 

the middle lamella to the layers of secondary wall (except for the third layer S3 which 

has minimal to non-lignin), most of the lignin is mostly located in the first and second 

layers of the secondary wall. At the same time, most of the holocellulose is located in 

the second layer of the secondary wall. Thus, making the middle lamella and the 

primary wall mostly constitute of lignin while S1 is divided between the lignin and 

holocellulose and finally, the S2 & S3 layers majorly composed of holocellulose [26].  

 

Figure 18: Typical wood cell wall structure showing the layers starting from the middle lamella, 
primary wall, and the secondary wall layers & the presence of lignin and holocellulose in the cell [19] 
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In general, to illustrate the components of the whole wood cell structure for 

American softwoods and hardwoods, the holocellulose constitutes around 65-70% (by 

dry weight) of the wood while the lignin ranges from around 20-30%. While the 

inorganic content called ash is less than 1%, which is a relatively small percentage [26]. 

The characteristics of the components of the wood cells have a significant influence on 

wood properties. For instance, the amount of cellulose, the angle of the fibers, and the 

thickness of the cell walls greatly affect the mechanical properties (strength) as well as 

the physical properties (density) of the wood. While the organic extractives content 

affects the wood color, decay resistance, flammability, and density as well [23].  

There are a few wood species that are locally grown in Egypt. Two of Egypt's 

most popular species are Casuarina and Eucalyptus, which are usually planted as 

windbreaks around farms. Both species are classified as fast-growing hardwood trees 

[27], [28]. According to the global forest resource assessment for Egypt in 2015, 

Casuarina is the most planted species in Egypt with more than 43 thousand hectares in 

2009 followed by Eucalyptus with more than nine thousand hectares [29]. Both species 

have a dark red-brownish color and a relatively high density of around 500 – 700 kg/m3 

depending on the subspecies [29], [30]. First, Casuarina has a chemical composition of 

around 65% holocellulose, 29% lignin, and 6% extractives. While Eucalyptus has 

around 56% holocellulose, 34% lignin, and 10% extractives [28].  

 

    

Figure 19: Eucalyptus tree (left) & Casuarina tree (Right) 
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2.2. Lignin Removal & Quantification 

2.2.1. Lignin Extraction 
Lignin extraction from cellulose-based materials is a standard process in the 

paper and pulp manufacturing industry. The raw materials used can be wood fibers (in 

the form of wood chips and sawdust) or non-wood fibers, such as rice straw, bagasse, 

and recycled paper [31]. The main processes for pulp manufacturing are raw materials 

preparation, pulping, chemical recovery, bleaching, and papermaking. The main 

processes responsible for the lignin dissolving and whitening of the fibers are the 

chemical/semi-chemical/mechanical pulping and bleaching. First, the chemical pulping 

process is mainly dissolving lignin components through the use of chemicals [32]. The 

three main methods used in pulping are the soda, sulfite, and Kraft (sulfate) methods. 

In case of wood fibers, the soda and sulfite treatments are not commonly used and are 

replaced by the Kraft pulping [33]. The soda and Kraft methods are classified under 

alkaline pulping, in which both use a high alkaline solution containing sodium 

hydroxide, but in Kraft pulping, sodium sulfide is added to the solution. The process is 

basically cooking the wood fibers in the alkaline solution at high temperature and 

pressure, which breaks the lignin bonds. In Kraft pulping, the lignin removal percentage 

can reach 95% while leaving the cellulose fibers intact.  

Regarding the sulfite pulping, sulfite is used for the same purpose in which 

sulfurous acid or sulfur dioxide are used for delignification but compared to the Kraft 

pulping, it is not as efficient [32], [34]. Other chemicals used in the pulping process are 

sodium sulfite and sodium sulfate [35]. Secondly, the bleaching process is mainly 

responsible for removing the lignin residuals in the pulp (to prevent yellowing of paper) 

as well as increasing its brightness, which is an important quality parameter. There are 

different bleaching methods, depending on the fibers used and the pulping method. The 

bleaching process is divided into stages, which can vary from three to seven stages, 

with a washing step after each stage [31]–[33]. There are various chemicals that can be 

used in the bleaching process, such as chlorine, hypochlorite, chlorine dioxide, oxygen, 

and hydrogen peroxide [35]. Generally, bleaching can be categorized into oxygen 

bleaching and conventional bleaching. Oxygen bleaching is basically using oxygen 

with magnesium oxide and caustic soda at high temperature and pressure to bleach the 

fibers then treated with chlorine and chlorine dioxide to complete the bleaching [33].  
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On the other hand, conventional bleaching used after Kraft pulping has several 

stages that include sequential use of chlorination, alkali, and chlorine dioxide solutions, 

while for sulphite pulping bleaching requires fewer stages. For mechanical pulping, 

bleaching can be conducted on one stage using hydrogen peroxide, sodium hydro 

sulphate, or sodium peroxide [33]. Moreover, sometimes sodium hypochlorite can be 

used for bleaching preceded by EDTA treatment to eliminate metal ions [36]. 

2.2.2. Lignin Quantification Methods 
Lignin quantification is an important test as a characterization test for pulp and 

paper manufacturing industry [37]. There are various quantitative and qualitative 

methods to measure lignin content in wood and pulp samples. Quantitative methods 

include acetyl bromide and acid-insoluble lignin (also referred to as Klason lignin), 

which is the most commonly used method, especially for wood samples. Unlike the 

acetyl bromide, the Klason lignin is considered a direct method, in which the 

carbohydrate components are dissolved, leaving the lignin components for measuring. 

While indirect methods include acetyl bromide and spectrophotometric methods, which 

depend on the calculation of lignin from the difference between the original sample and 

the polysaccharide content (carbohydrate components) or by measuring some structural 

characteristics and forming a relationship to the lignin concentration [37], [38]. First, 

Klason lignin, as mentioned above, is dissolving the non-lignin components using 

sulfuric acid (H2SO4), which leaves the lignin residues to be measured. This process is 

conducted on two steps; first, the sample is treated in cold 72% H2SO4 followed by 

boiling it in diluted 3% H2SO4, leaving the insoluble lignin residues. The oven-dry 

weight of lignin is then obtained to calculate the lignin content in the sample [37]. The 

procedure for Klason lignin is illustrated in TAPPI 222 “acid-insoluble lignin in wood 

and pulp”, which states that an extractive free sample should be used for this method 

[39]. The extractive free sample's preparation process could lead to the loss of some 

lignin, which affects the lignin content's accuracy.  

On the other hand, Klason lignin does not determine the soluble lignin content, 

which could range from 0.3% to 5% depending on the sample type [37]. That is why 

sometimes Klason lignin is combined with the spectrophotometric method (for the 

decanted solution from the second stage of Klason lignin) to determine the soluble 

lignin components [38]. Spectrophotometric methods are based on measuring the 

absorbance at a certain wavelength (ranging from 210 to 280 nm) and relating it to the 
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lignin concentration. Similarly, UV micro-spectrophotometric method was developed 

to measure the absorbance by logging the light intensity micro-photometrically. 

Although both methods are quick, non-destructive and require small samples, it is not 

recommended for hardwoods due to the hardwood lignin composition, which has 

different absorbances. Other spectrophotometric methods involve dissolving the 

sample in a solvent, such as sulfuric acid, nitric acid, sodium chlorite solution, and 

acetyl bromide in acetic acid, and measuring the absorbance at 280nm wavelength [37]. 

In this regarded, the most popular method used is the acetyl bromide due to its simple 

and fast procedure as well as small sample size and does not require any correction for 

the acid-soluble lignin [37], [38]. However, the acetyl bromide method is as accurate 

as the lignin standard used for calibration [38]. Unlike UV spectroscopy, Fourier 

transform infrared (FTIR) spectroscopy measures lignin components through light 

reflectance. FTIR can be conducted using two methods, attenuated total reflectance 

(ATR), or diffuse reflectance infrared Fourier transform (DRIFT). ATR-FTIR method 

is conducted through starting the infrared beam that passes through a crystal and 

recording the emitted photons wavelength. While DRIFT is mostly used on pressed 

powder samples with purified salt, which the infrared beam passes through [40]. 

However, these are qualitative methods not quantitative like Klason lignin. Moreover, 

it measures the functional groups only on the sample’s surface and is not considered 

efficient in detecting small lignin content differences [40], [41]. 

2.3. Transparent Wood Composite 

Transparent wood composite is basically fabricated using delignified wood 

pieces or fibers with a polymer, which can then be used in many different applications 

due to its advantages over other materials [1]. To begin with, it has better thermal 

insulation compared to regular glass. Moreover, with some processing, transparent 

wood can be stronger than steel, which allows it to replace the two primary materials 

used in modern construction (glass & steel). Also, it has high potential in solar energy 

due to its “high optical haze”. Finally, on top of the benefits mentioned above, it is 

considered a sustainable material, to replace plastics and other materials, due to its 

better biodegradability [2]. Currently, environmentally friendly materials are becoming 

very popular due to the rising problem of global warming and climate change. As a 

renewable, biodegradable, and environmentally friendly material, wood has been used 
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in many applications in construction, manufacturing, and many others. In that respect, 

“recently, there is a great interest in abundant cellulose nanofibers (CNF) and cellulose 

nanocrystals extracted from wood in electronics, energy, and a range of other types of 

applications due to their nanostructures, excellent mechanical, optical properties, 

…etc.” [12]. According to a recent study, flexible transparent conductive paper can be 

used in “flexible consumer electronics, smart clothing, energy harvesting, and sensors 

in the future” [42]. An example of the use of transparent wood in electronics is optical 

technologies. Transparent wood samples were manufactured and tested as an organic 

light-transmitting diode (OLED). These samples were prepared using different types of 

resins to study the correlation between the strength and ductility of the sample and its 

transparency properties. The samples were prepared using nanofibers of wood, which 

is basically sawdust, of a specific size. First, the lignin was removed using sodium 

chlorite (NaClO2) and then the hemicelluloses were removed using potassium 

hydroxide. Second, the samples were impregnated with different types of resin, as 

mentioned above. Finally, the transmittances of the samples were observed, as well as 

their strength [43]. Another approach has focused on manufacturing layers of artificial 

transparent wood layers with self-healing properties. The transparent artificial wood 

nanostructures were prepared using hydrogen peroxide with various other chemicals 

and adhesive materials induced between its layers. The prepared samples’ transparency, 

strength, and self-healing properties were tested and evaluated [44].  

2.4. Transparent Wood Fabrication 

The fabrication process for transparent wood is divided into two main stages: 

chemical treatment and polymer infiltration. According to the literature, there are 

different reported methods to fabricate transparent wood starting with the selected 

wood species, woodcut and size, chemicals used in treatment, and finally, the selected 

polymer. First, the samples used are either wood pieces (with various dimensions and 

thicknesses), veneer, or wood particles. Afterwards, the samples are chemically treated, 

in which the samples are bleached, and its lignin components are removed (which gives 

the wood its yellowish color). Thus, the samples turn white are washed and dehydrated 

to prepare it for the next step. Finally, the samples are infiltrated with the selected 

polymer (mostly PMMA or Epoxy), which replaces the lignin and the hollow channels 

in the samples to obtain transparent wood substrates. 
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2.4.1. Wood Species and Sizes 
The wood species used in the fabrication of transparent wood were either wood 

pieces, wood veneers, or wood particles (fibers). The most commonly used wood 

species were basswood, balsa, pine, beech, birch, and poplar. The wood samples used 

were either radially cut or longitudinally cut with thicknesses ranging from 1mm to 

10mm. The sample sizes used were squared pieces ranged from 2cm to 10cm, and in 

one case, up to 20cm. The radially cut samples had an advantage over the longitudinal 

cut samples due to the shorter channels, which facilitated faster treatment. On the other 

hand, the longitudinal had a better overall cohesiveness due to the strength of the 

collective fibers [1], [2], [45]–[50]. The wood samples' treatment time depended on the 

wood species, thickness, and size [1].  

 

Figure 20: Radial samples vs. longitudinal samples vessels orientation [2] 

2.4.2. Chemical Treatment 

Most techniques depend on a two-stage process, while others use a single-stage 

process. In most cases, the treatment requires heating the solutions at various 

temperatures depending on the method used. However, there is one method that did not 

require heating and instead depended on soaking the samples in the solution at room 

temperature for more extended periods. There are four main treatment methods reported 

in the literature, which use one or combination of the following chemicals: sodium 

hydroxide, sodium sulfite, sodium chlorite, sodium hypochlorite, and hydrogen 

peroxide. The details for each treatment method and the concentration of the solution 

are mentioned in the appropriate sections. 

Tree trunk showing the difference between radially cut 

and longitudinal cut 

Vessels/channels orientation for the radial samples (R) 

and longitudinal samples (L) 
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2.4.2.1. Sodium Hydroxide & Sodium Sulfite 

The first method is a two-stage process, in which a mixture of sodium hydroxide 

(NaOH) and sodium sulfite (Na2SO3) is used to delignify wood samples, which are 

commonly used in the paper and pulp industry. The mixture is prepared using a 

concentration of 2.5 mol/L of NaOH and 0.4 mol/L of Na2SO3 in deionized water. The 

wood samples were immersed in the solution and kept boiling for 12 hours to get rid of 

lignin. The samples were then rinsed with hot distilled water and transferred to the 

bleaching solution. The bleaching solution is prepared using hydrogen peroxide (H2O2) 

with concertation of 2.5 mol/L in deionized water. The solution kept boiling until the 

wood sample turned white. Afterwards, the samples were rinsed to wash off the 

chemicals and then dehydrated using ethanol to get rid of all moisture in the wood 

samples [2], [45], [51]. Thus, the samples were ready for the polymer infiltration, which 

was conducted using either epoxy resin or poly (methyl methacrylate) (PMMA); and in 

one case Polyvinylpyrrolidone (PVP) was used as the polymer[46]. It was noticeably 

clear that after the delignification treatment (solution 1), the wood samples lost a lot of 

its strength, easily broken up into little pieces during the H2O2 treatment, especially at 

boiling temperature. This treatment method was mainly used for wood pieces while 

another approach treated poplar wood particles (fibers) with sizes ranging from 2 to 5 

mm using the same concentration for the NaOH and Na2SO3 solution, but 30 wt% H2O2 

was used for bleaching. The wood particles were stirred into fibers and infiltrated using 

PMMA to produce large-sized transparent wood with dimensions of 10 cm × 10 cm 

[51]. Unfortunately, this chemical process produced concentrated black liquor due to 

removing up to 90% of the lignin [49]. Thus, creating a challenge on the environmental 

treatment process for such wastes that are very difficult to recycle or dispose of. 

        

Figure 21: TW chemical treatment & fabrication diagram showing the chemical process setup (left) 
and the polymer infiltration steps (right) for wood pieces and wood fibers [2], [51]
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Table 2: Sodium hydroxide & sodium sulfite recipe journals summary 

Reference 
Samples Used Chemical Treatment 

Washing Dehydration 

Polymer Infiltration 
Process 1 Process 2 Polymer 

Vacuum After Vacuum Type of 
Wood Size Chemicals used & 

Concentrations 
Temperature 
& Duration 

Chemicals used 
& 

Concentrations 
Temperature 
& Duration 

Polymer 
used 

Preparation 
method 

[2] 
Basswood (R-

wood & L-
wood) 

50 mm × 50 
mm × 3 mm 

Sodium hydroxide 
100 g/L & Sodium 

sulphite 50 g/L 
Boiling for 12 h 

Hydrogen 
peroxide 2.5 

mol/L 

Boiling without 
stirring until 
samples were 

white 

Rinsed 
with hot 
distilled 
water (3 
times) 

Ethanol Epoxy 
resin 

Sample immersed 
in the liquid resin 

5min (3 
Times) @ 

200 Pa 
30 °C for 12 h 

[45] Basswood 5mm Thick 
Sodium hydroxide 
100 g/L & Sodium 

sulphite 50 g/L 
Boiling for 3 h 

Hydrogen 
peroxide 2.5 

mol/L 

Boiling for 2–3 
hrs until 

samples were 
white 

- - Epoxy 
resin 

Sample immersed 
in the liquid resin - - 

[51] Poplar 
Particles 
were 2–5 

mm 

NaOH (10 wt%) 
and Na2 SO3 (5 

wt%) in deionized 
water 

boiled for 2–4 h H2O2 (30 wt%) 
Boiling until 
samples were 

white 

Stirred into 
fibers and 

filtered 
three times 

with 
deionized 

water. 

- PMMA Pre-polymerized 
80°C for 15 min 10m Glass mold at 

60 °C for 8 h 

[46] Basswood 30 mm × 22 
mm × 1 mm 

NaOH 
and Na2SO3 in DI 
water resulting in a 

concentration of 
2.5 mol/L and 0.4 
mol/L respectively 

Kept boiling for 
12 h 

H2O2, 2.5 
mol/L in DI 

water 

Kept boiling 
without stirring 

until yellow 
color 

disappeared 

Hot 
distilled 

water three 
times 

Ethanol PVP 

Was dissolved in 
ethanol at a 

concentration of 
15% by mass of 
polymer (The 

solution depth was 
approximately ten 
times greater than 

the wood 
thickness) 

10 min @ 
200 Pa 

Solution placed 
on a hot plate at 

60 °C. The 
sample was 

peeled off of the 
bottom of the 
dish after the 

solvent 
evaporated 

 



 29 

2.4.2.2. Sodium Chlorite 

The second method is a one stage process using sodium chlorite (NaClO2) to 

remove lignin from wood. The solution was prepared using 1 wt.% of sodium chlorite 

in an acetate buffer solution with pH 4.6. at 80ºC from 3 to 12 h or until it turned white, 

which depends on the thickness of the wood samples [1], [47], [48], [52], [53]. Like the 

previous method, the wood samples were easily broken after treatment due to lignin’s 

removal, which is the wood fibers’ binding agent. Consequently, a combination of both 

methods was used to help in keeping the samples intact by decreasing the treatment 

time by the sodium chlorite and using a bleaching solution to turn the sample into the 

desired white color. The bleaching solution used was similar to the previous method, 

which is H2O2 solution but with a concentration of 5mol/L in deionized water. The 

solution kept boiling from 1 to 4 hours, depending on the samples used [52], [54]–[56]. 

Afterwards, the samples were washed using deionized or distilled water to wash off the 

chemicals and was ready for dehydration. The dehydration process was done using 

ethanol and acetone and/or a mixture of both. Some journals dehydrated the wood 

samples using pure ethanol then 1:1 ratio of ethanol and acetone, and finally with pure 

acetone; each step was repeated three times [1], [53], [57], [58]. In contrast, others used 

pure ethanol and pure acetone sequentially and were repeated three times without using 

a mixture of both [47], [59], [60]. Then the samples were ready for the polymer 

infiltration, which was mostly done using PMMA [1], [47], [53], [57]–[60]. Although 

after adding the bleaching stage, the treatment process produced black liquor as the 

previously stated method, which is undesired for environmental purposes.  

Another approach was adopted to further enhance the structural strength during 

the chemical treatment and decrease the black liquor produced due to the lignin removal 

solution. The main concept is producing lignin-retaining transparent wood by 

modifying and enhancing the treatment process. First, unlike the previous two methods, 

the samples were bleached and then treated with the delignification solution. Second, 

the bleaching solution is a highly alkaline solution prepared by mixing the chemicals 

in the following order: 3 wt.% of sodium silicate (Na2SiO3), 3 wt.% of sodium 

hydroxide (NaOH), 0.1 wt.% of magnesium sulfate (MgSO4), 0.1 wt.% of DTPA, and 

finally 4 wt.% of hydrogen peroxide (H2O2). Sodium silicate was used to enhance the 

stability of the H2O2 while the sodium hydroxide was used to increase the alkalinity of 

the solution. Also, the DTPA was used to decrease the metal ions in the solution and 
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enhance the efficiency of the H2O2. The wood samples were immersed in the alkaline 

solution and placed on the hot plate at 70ºC until the samples turned white [49]. This 

process aims to bleach the wood sample turning them white without removing much of 

the lignin. Afterwards, the sample was rinsed and transferred to the second solution, 

which is the sodium chlorite delignification. Similar to the previously mentioned 

method, the solution was prepared using 1 wt.% of sodium chlorite in an acetate buffer 

solution with pH 4.6 and placed on the hot plate at 80ºC. This treatment method’s main 

advantage is that the transparent wood retains around 80% of the lignin and reduces the 

black liquor output from the process. Consequently, the transparent wood’s mechanical 

strength should increase due to keeping the most of lignin, which, as mentioned before, 

is the binging agent for the wood. Thus, minimizing the environmental impact of the 

fabrication process by reducing the toxic effluents, which deems it a green process 

compared to the previously stated methods [49]. 

Although the fabricated samples using the recipes mentioned above were 

transparent, it was not a see-through material. As shown in Figure 22, although when 

the transparent wood samples were placed on any text, it was readable, when it was 

placed a few millimeters above it, the text was fuzzy and unreadable in most cases. 

Thus, a further treatment step was introduced to enhance visibility from higher 

distances. The transparent wood templated where acetylated using acetic anhydride in 

N-methyl-2pyrrolidone solvent and pyridine as a catalyst with a weight ratio of 7:100:6 

[61]. The reaction time was about 6 hours at 80ºC with wood template to a mixture ratio 

of 2:1. Before the acetylation, the wood sample was first treated using 1 wt.% of sodium 

chlorite in an acetate buffer solution with pH 4.6 and placed on the hot plate at 80ºC 

for 6 to 12 hours. After acetylation, the sample was further treated with sodium chlorite 

until it turned white. The samples were then washed with deionized water and 

dehydrated using ethanol and acetone. Transparent wood was then fabricated using 

PMMA and compared to non-acylated transparent wood. The visibility of the acetylated 

TW has increased as well as the light transmittance compared to the non-acetylated TW 

[61].  

                                                     

Figure 22: Transparent wood samples transparency directly on paper and 5mm above [49] 

Directly on paper 

5mm above paper 
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Table 3: Sodium chlorite recipe journals summary 

Reference 

Samples Used 
Chemical Treatment 

Washing Dehydration 

Polymer Infiltration 

Process 1 Process 2 Polymer 

Vacuum After Vacuum Type of 
Wood Size Chemicals used & 

Concentrations 
Temperature & 

Duration 

Chemicals used 
& 

Concentrations 

Temperature & 
Duration 

Polymer 
used Preparation method 

[1] Balsa wood 
20 mm × 20 
mm × range 
(0.6 - 8mm) 

1 wt.% of sodium 
chlorite with 
acetate buffer 

solution (pH 4.6) 

80°C for 6 - 12 
h - Deionized 

water 

1. Pure ethanol - 
2. 1:1 mixture of 

ethanol and 
acetone - 3. pure 

acetone PMMA 

Prepolymerized at 
75°C for 15 min in 
two-necked round-

bottom flask with 0.3 
wt. % 2,2′-Azobis 

30 m (3 
Times) 

Sandwiched 
between two glass 

slides and 
packaged in 

aluminum foil 

Each step was 
repeated 3 times 

Heated in an oven at 
70 °C for 4 h 70°C for 4 h 

[57] Beech wood 0.1 mm - 0.7 
mm Thick 

5 wt.% sodium 
chlorite in acetate 

buffer solution 
(pH 4.6) 

95°C for 12 h - Deionized 
water 

1. Pure ethanol - 
2. 1:1 mixture of 

ethanol and 
acetone - 3. pure 

acetone 

PMMA Pre-polymerized 90°C 
for 5 min 

1 h (3 
Times) @ 

0.1 bar 

Sandwiched 
between two glass 

slides and 
packaged in 

aluminum foil - 
85°C for 12 h 

[52] Balsa wood 
& basswood 

20 mm * 20 
mm range (1 

– 5 mm) 

1 wt. % of sodium 
chlorite with 
acetate buffer 

solution (pH 4.6) 

80°C for 3 - 12 
h 

hydrogen 
peroxide 
(H2O2, 5 

mol/L) 

90°C for 1 hr Deionized 
water 

Left in Ethanol 
for 8 hrs 

Epoxy 
resin 

Sample immersed in 
the liquid resin 

2 h @ 
1000 Pa 

Rolled up with 
silicone paper and 
placed in a petri 

dish and then dried 
naturally at 
atmospheric 

pressure for 12 h 

[48] 
Tangential 
veneers of 
balsa wood 

2 cm×2 cm 
and 6 cm×6 
cm (0.6–0.8 

mm 
Thickness) 

1 wt % NaClO2 in 
acetate buffer 

solution (pH=4.6) 
80°C for 6 h Samples were 

freeze-dried 

After totally 
dried, the 

delignified 
wood samples 

were 
compressed by 
75 kN for 25 

min under 
25°C 

Washed 
with 

deionized 
water three 

times 

- PMMA - - Heated in an oven 
at 70°C for 4 h 

[62] 
Basswood 

(Tilia) 
veneers 

20 mm × 20 
mm × 0.4 

mm 

2 wt.% NaClO2, 
0.1 wt.% Acetic 
acid glacial, and 

97.9 wt.% 
Ultrapure water 

water bath oscillator at 80 °C with 
an oscillation frequency of 40 rpm 

- 30, 60, 90, 120, and 150 min 
- Ultra-pure 

water Ethanol PMMA - - - 

[53] 

Poplar wood 
(P. 

adenopoda 
Maxim) 

25 mm × 25 
mm × 1 mm 
and 50 mm × 
50 mm ×  1 

mm 

1.5 wt.% NaClO2 
with acetate buffer 
solution (pH 4.6) 

80°C for 8 h - Deionized 
water 

1. Pure ethanol - 
2. 1:1 mixture of 

ethanol and 
acetone - 3. pure 

acetone 

PMMA 
Pre-polymerized 75°C 

for 20 min with 0.3 
wt.% 2,2′-Azobis 

30 min @ 
5 kPa 

The infiltrated 
wood was 

sandwiched 
between two glass 

slides and 
polymerized in an 
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oven at 70°C for 4 
h 

[59] Balsa wood 
15 mm × 25 

mm × 1.0 
mm 

1 wt.% of sodium 
chlorite in acetate 

buffer solution 
(pH 4.6) 

80°C until the 
wood became 
totally white 

- Deionized 
water 

Ethanol and 
acetone 

sequentially 
(repeated 3 

times) 

PMMA 

MMA monomer was 
first pre-polymerized 
at 75°C for 15 min 
with 0.3 wt.% 2,2′-

azobis (2-
methylpropionitrile) 
(AIBN) as initiator 
and cooled down to 
room temperature 

- 

The infiltrated 
wood was 

sandwiched 
between two glass 

slides and 
polymerized in an 
oven at 70°C for 4 

h 

[58] Basswood 
(Veneers) 

100 mm × 
100 mm × 

1.6 mm 

Sodium chlorite at 
a concentration of 
0.5 g/g of wood in 

a 1 N acetate 
buffer solution 
(sodium acetate 

and acetic acid to 
maintain a pH ~ 

4.6) 

80°C (~12 h) - 

Hot 
deionized 

water three 
times 

From ethanol to 
ethanol/acetone 
(1:1 by volume) 
to acetone - Each 

step of the 
solvent exchange 
was carried out 

twice for 
approximately 30 

min 

PMMA - 
at 70°C 

for at least 
12 hours 

For one layer - 
Placed between 
two glass plates 

and tightly secured 
with four medium 
(31.75 mm) binder 

clips 

[60] Wood veneer 
(balsa) 

2 cm × 2 cm 
× 0.2 cm 

1 wt.% of sodium 
chlorite in acetate 

buffer solution 
(pH 4.6) 

80°C until 
almost 

uniformly 
white 

- Deionized 
water 

Ethanol and 
acetone 

sequentially 
(repeated 3 

times) 

PMMA 

The prepolymerization 
was completed by 

heating the MMA at 
75°C for 15 min with 
0.3 wt.% 2,2′-azobis 

(2-methyl- 
propionitrile) followed 

by cooling to room 
temperature. Then 
MMA/QDs were 

vacuumed 

- 

Finally, the 
infiltrated wood 
was sandwiched 

between two glass 
slides, wrapped 
with aluminum 

foil, and heated in 
an oven at 70°C 

for 4 h in ambient 
atmosphere 

[63] Silver birch 
wood 2 cm × 2 cm 

NaClO2 (1 wt. %) 
in an acetate 

buffer solution 
(pH 4.6) 

80°C until 
samples 

became white 
- 

Deionized 
water 

(several 
times) 

Ethanol and 
acetone 

sequentially 
(repeated 3 

times) 

PMMA & 
PEG 1000 

PEG was heated at 
45 °C until complete 

dissolution. MMA (30 
wt %) was added to 

the molten PEG (70 wt 
%) solution and kept 

under stirring at 45 °C 
for 10 min. The 

initiator (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 

15 min 
(three 
times) 

The blend solution 
containing the DW 

samples was 
heated at 40°C for 

a few minutes 
between each 
infiltration to 

delay PEG 
crystallization. The 

infiltrated DW 
template was 

finally sandwiched 
between two glass 
slides, packaged 
with aluminum 

foil, and 
polymerized in an 
oven at 70°C for 4 

h 
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Table 4: Lignin retaining recipe journals summary 

Reference 

Samples Used 
Chemical Treatment 

Washing Dehydration 

Polymer Infiltration 

Process 1 Process 2 Polymer 

Vacuum After Vacuum Type of 
Wood Size Chemicals used & 

Concentrations 
Temperature & 

Duration 

Chemicals used 
& 

Concentrations 

Temperature & 
Duration Polymer used Preparation method 

[49] 
Pine, birch, 

and ash 
wood veneer 

100 mm × 
100 mm × 

1.5 mm 

 
Deionized water, 
sodium silicate 

(3.0 wt.%), 
sodium hydroxide 

solution (3.0 
wt.%), 

magnesium 
sulfate (0.1 wt.%), 
DTPA (0.1 wt.%), 

and then H2O2 
(4.0 wt.%) 

70°C until 
samples were 

white 

 
1wt.% sodium 

chlorite in 
acetate buffer 
solution (pH 

4.6) 

80°C until 
samples were 

white 

Deionized 
water 

Ethanol and 
acetone 

sequentially. 
Each solvent-
exchange step 
was repeated 3 

times 

PMMA Pre-polymerized 75°C 
for 15 min Vacuum 

Sandwiched 
between two glass 

slides and 
packaged in 

aluminum foil - 
75°C for 4 h 

[64] Balsa wood 
chip 

200 mm × 
200 mm × 1 

mm 

Bleaching 
solution was 
prepared by 

mixing chemicals 
of deionized 

water, sodium 
silicate (3 wt %), 
sodium hydroxide 
solution (3 wt %), 

magnesium 
sulfate (0.1 wt %), 
EDTA (0.1 wt %), 
and H2O2 (4 wt 

%) 

Kept boiling 
until the yellow 

color of the 
wood slice 
disappeared 

- 
Rinsed 

with cold 
water 

Ethanol PAA solution 

Acrylic acid was 
diluted with deionized 

water to a 
concentration of 40 
wt.%. Subsequently, 

ammonium persulfate 
(1 wt.%) was added to 

the mixture 

10 min @ 
200 Pa 

Finally, the 
monomer-

infiltrated wood 
sample was 
sandwiched 

between two glass 
slides, wrapped 
with aluminum 

foil, and heated in 
an oven at 75°C 

for 4 h in air 
atmosphere for 
polymerization 
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Table 5: Acylated transparent wood journals summary 

Reference 

Samples Used 
Chemical Treatment 

Washing Dehydration 

Polymer Infiltration 

Process 1 Process 2 Polymer 

Vacuum After Vacuum 
Type of Wood Size 

Chemicals used 
& 

Concentrations 

Temperature 
& Duration 

Chemicals used 
& 

Concentrations 

Temperature & 
Duration 

Polymer 
used Preparation method 

[47] Balsa wood & 
birch 

0.7, 1.5, 3, 
7, 10 mm 

Thick 

1 wt.% of 
sodium chlorite 

with acetate 
buffer solution 

(pH 4.6) 

80°C until 
samples were 

white 

Acetate 
anhydride with 
pyridine as the 
catalyst and N-

methyl-2-
pyrrolidone 

(NMP is 7 : 6 : 
100) 

(60°C, 80°C, 
100°C, 120°C), 
and time (1 h, 
2 h, 3 h, 4 h, 5 
h, 6 h, 8 h, 10 

h, 12 h) 

Deionized 
water / 

Dehydration:- 
Ethanol and 

acetone 
sequentially. 
Each solvent-
exchange step 
was repeated 

3 times 

Ethanol and 
acetone 

sequentially. 
Each solvent-
exchange step 
was repeated 3 

times 

PMMA Pre-polymerized 
75°C for 15 min - 

Sandwiched 
between two 

glass slides and 
packaged in 

aluminum foil - 
70°C for 4 h 

[43] 
Wood powder 
sieved through 
a 60 mesh sieve 

- Acidified sodium 
chlorite solution 

70°C for 1 h 
(the process 

was repeated 5 
times) 

5 wt.% 
potassium 
hydroxide 

solution at room 
temperature for 

12 h 

& at the same 
concentration 

at 80 °C for an- 
other 2 h in 

order to leach 
hemicelluloses 

Distilled 
water Acetone Acrylic 

resins 
Under a reduced 

pressure 
12 h @ 

0.09 MPa 
 

[61] 
Balsa wood 
longitudinal 

section 

20 × 20 
mm × 

(0.24, 0.32, 
0.42, 0.51, 
and 0.65 

cm) 

1 wt % of 
sodium chlorite 

in an acetate 
buffer solution 

(pH 4.6) 

at 80°C for 6 h 
(12 h for 0.51 
and 0.65 cm, 
to make sure 

all the 
templates have 

a similar 
composition) 

acetic anhydride 
(Sigma-

Aldrich) in the 
solvent of N- 

methyl-2-
pyrrolidone 

(NMP, Sigma-
Aldrich) with 

pyridine 
(Sigma- 

Aldrich) as the 
catalyst. The 
ratio of wood 

template 
(g):acetate 
anhydride 

(mL):pyridine 
(mL):NMP 

(mL) is 
2:7:6:100. The 
reaction was 
performed 

under 80°C for 
6 h 

Then the 
acetylated 
wood was 

treated with 
NaClO2 again 

until white 

washed with 
deionized 

water, 
ethanol, and 

finally 
acetone 

- PMMA 

Finally, the 
delignified wood 

templates were then 
infiltrated with 

PMMA solution for 4 
h (12 h for 0.51 and 

0.65 cm) under 
vacuum and were 

heating in an oven at 
45 °C for 24 h, and 

then 70 °C for 6 h to 
complete the 

polymerization 
process. MMA 

prepolymerization 
reaction was 

performed in a 
round- bottom flask 
at 75 °C for 15 min 

with initiator (2-
methylpropionitrile, 

0.3 wt.%, AIBN, 
Sigma-Aldrich) and 

terminated with 
ice−water bath. 

4 – 12 h 

The infiltrated 
wood templates 
were covered 
with two glass 
slides on both 

sides and 
packaged in the 
aluminum foil 

before heating in 
an oven 
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2.4.2.3. Hydrogen peroxide 

The third method used H2O2 solution for the chemical treatment in different 

setups to fabricate thicker transparent wood samples. The thickness ranged from 5mm 

to 50mm using grids to place the samples on top of the solution in the beaker and boil 

the solution to treat the wood samples without damaging it, as shown in Figure 23. The 

first approach was by boiling 30 wt.% H2O2 solution from 2 to 24 hours (depending on 

the thickness) and let the fumes infiltrate the suspended wood samples to turn it white. 

The samples were then washed and dehydrated using ethanol and impregnated using 

epoxy resin. A similar process was followed by a pretreatment step before the H2O2 

solution treatment where the samples were immersed in 2.5 mol/L NaOH solution at 

100ºC for about 12 hours. The wood samples were then transferred to the boiling H2O2 

solution on a suspended grid to complete the treatment. Followed by washing in DI 

water and then dehydration using pure ethanol then 1:1 ratio of ethanol and acetone, 

and finally with pure acetone. Then the samples were finally impregnated using epoxy 

resin [50], [65]. The fabrication process diagram can be shown in Figure 24. 

 
Figure 23: Hydrogen peroxide suspended treatment setup [50] 

 
Figure 24: Fabrication process diagram  for H2O2 treatment for radially cut wood and veneer [50]
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Table 6: Hydrogen peroxide recipe journals summary 

Reference 
Samples Used Chemical Treatment 

Washing Dehydration 

Polymer Infiltration 

Polymer 
Vacuum After Vacuum 

Type of Wood Size Chemicals used & 
Concentrations 

Temperature & 
Duration Polymer used Preparation method 

[50] Basswood/pine (R-
wood & L-wood) 

50/100 ×  
50 mm 

Boiling H2O2 
aqueous solution (30 

wt.%) 

2–12 h until 
yellow color 
disappeared 

Cold water 
and ethanol Ethanol Epoxy resin Sample immersed 

in the liquid resin 

20 m (3 
Times) @ 
0.08 MPa 

30°C for 24 h 
210 mm × 
190 mm × 

(0.8 - 2 
mm) 

[66] Basswood 
20 mm × 20 

mm × 0.4 
mm 

6 wt.% H2O2, 1 
wt.% trisodium 

citrate dihydrate, 1 
wt.% NaOH, and 92 

wt.% ultrapure 
water 

60 °C for (30min 
to 150min) 

Ultrapure 
water Ethanol PMMA 

pure MMA 
monomer was 

uniformly mixed 
with AIBN initiator 
(0.5 wt.% solution) 

and pre-
polymerized at 

75°C for 15 min 
and then cooled to 
room temperature 

30 min 

Sandwiched 
between two 

pieces of glass and 
transparent wood 

(TW) samples 
were obtained by 
heated at 70°C for 

5 h 

[65] Basswood pieces 
11 × 7 × 0.5 

or 2 or 5 
cm3 

placed them on grids 
with a unit size of 5 

× 5 cm 3. 30% 
H2O2 aqueous 

solution 

Boiling for 
approximately 4 
and 12 h (5 cm - 
approximately 

24 h) 

Rinsed with 
DI water 

dehydration with 
ethanol, then a 

1:1 (volume 
ratio) mixture of 

ethanol and 
acetone, and 
finally, pure 

acetone (step by 
step) Each step 
was repeated 

many times until 
the water was 

completely 
removed 

Epoxy resin 

the delignified 
wood was 

immersed in the 
liquid resin 

20 m 
repeated 

three times 

Finally, the wood 
was put between 
two glass plates 
and kept static at 

30°C for 24 h 
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2.4.2.4. Sodium Hypochlorite 

Lastly, sodium hypochlorite treatment is the least energy-consuming method. This treatment method is a one stage process in which the 

wood samples are placed in 5 wt.% sodium hypochlorite with a mass ratio of wood sample to solution ranging from 1:40 to 1:60 and left at room 

temperature until the samples turned white. The sample was then washed and dehydrated using water and ethanol solution and was ready for the 

polymer infiltration [67], [68]. 
Table 7: Sodium hypochlorite recipe journals summary 

Reference 
Samples Used Chemical Treatment 

Washing Dehydration 

Polymer Infiltration 

Polymer 

Vacuum After Vacuum 
Type of Wood Size Chemicals used & 

Concentrations 
Temperature & 

Duration Polymer used Preparation method 

[67] Basswood and 
pine wood 

50 mm × 50 
mm × 3 

mm 

sodium hypochlorite 
(wood: NaClO = 

1:40 wt) 

3–5 h (Room 
Temperature) - 

solution of water 
and ethanol (1:1 
wt) for 3 times 

Microporous 
filtering film 

and filter 
paper 

Pressed at different 
pressure for about 

1–3 h 
- - 

[68] Basswood 
44.5 mm × 
44.5 mm ×  

0.8 mm 

Sodium 
hypochlorite 

solution 5wt% (The 
mass ratio of 

Basswood and 
NaClO solution was 

1:60) 

Ambient 
temperature until 
the wood slices 
became white 

completely (3 h 
– 9 h) 

Ethanol 
water 

solution (50 
wt%) and 

washed for 
three times 
to remove 

the 
remaining 
chemicals 

- 

PET film, and 
covered with a 
microporous 
membrane 

filter 

The wood fibers 
were forced down 
to one direction by 
rolling a glass rod 
which was placed 

upon the wood 
slice with a 

constant pressure 

After that, the 
aligned wood 

slice was 
covered by 
some pieces 

of filter 
papers and 
pressed at 

room 
temperature 

for 5 h 

- 
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2.4.3. Polymer Infiltration 
The transparent wood fabrication was mainly conducted using either epoxy 

resin or PMMA. To begin with, the epoxy resin used was ultra-transparent with the 

recommended ratio of resin to hardener recommended by the manufacturer. The treated 

wood was immersed in the epoxy and then vacuumed on several cycles to ensure full 

infiltration of the epoxy in the wood templates. According to the literature, the working 

vacuuming pressure ranged from 200 Pa to 0.08 MPa and the vacuum time ranged 5 to 

20 min. The sample was then placed between either two glass plates of silicon paper 

and let static to harden [2], [50], [52][65]. 

While the PMMA was prepared using MMA monomer and 2,2′-azobis (2-

methylpropionitrile) as an initiator. The pre-polymerized MMA was prepared using 0.3 

wt.% of the initiator and left for 15 min at 75ºC and then cooled to room temperature 

using a water bath. The treated wood was then infiltrated under vacuum on several 

cycles to ensure full infiltration with time ranging from 15 min to 1 h. Finally, the 

samples were sandwiched between two glass plates and covered with aluminum foil 

and placed for 4 hours at 60 to 85ºC [1], [47], [49], [51], [69]. 

In order to produce thermal energy storing transparent wood with a reversible 

optical transmittance, a mixture of PMMA and PEG was used as the polymer. The 

mixture of 30 wt.% of MMA to 70 wt.% of PEG with a molecular weight of 1000 g 

mol-1 was used, and 0.3 wt.% (from MMA) of 2,2′-azobis (2-methylpropionitrile) was 

used as an initiator. The treated wood was then infiltrated under vacuum using the 

PEG/PMMA mixture and then sandwiched between two glass plates and covered with 

aluminum foil and placed for 4 hours at 70ºC [63]. 

Lastly, PVP with a molecular weight of 13000000 and dissolved in ethanol 

(15% concentration) was used and infiltrated under vacuum. Then it was placed on the 

hot plate at 60ºC until the solution was evaporated and the sample peeled off [46]. 

2.5. Problem Statement 

Due to climate change and global warming, there is an increasing need for 

sustainable solutions in all industries. As one of the most important and growing 

industries worldwide, the construction industry has a huge responsibility towards the 

environment. It is responsible for consuming vast amounts of resources and 

consequently generating massive quantities of waste. Also, as the building sector is 
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responsible for consuming large portions of the world energy and electricity, such 

buildings' efficiency and sustainability must be considered. While the world is working 

on balancing between consuming less and recycling while maintaining the construction 

materials' effectiveness and efficiency, there is an immense need to develop more 

sustainable building materials that can increase the efficiency of buildings while 

decreasing the effects on the environment. Thus, introducing a translucent wood-plastic 

composite made out of wood (possibly wood waste) waste and plastic polymer (and 

possibly a percentage of recycled plastic waste) to be used in buildings cladding to 

reduce its carbon footprint through proper insulation and adequate natural lighting. 

Accordingly, decreasing the energy and electricity required to ventilate and temperature 

control and the need for natural lighting. Finally, saving tons of GHG emissions 

contributes to reducing global warming and air pollution and preserving our 

environment. 

2.6. Objectives 

1. To develop translucent wood composite from locally grown wood in Egypt. 
 
2. To select the most efficient chemical treatment for locally grown wood species 

Casuarina & Eucalypts. 
 

3. To optimize the fabrication process for translucent wood to be low energy 
consuming as possible and least hazardous effluents. 

 
4. To fabricate translucent wood composite using wood waste. 

 
5. To introduce a scalable chemical treatment method for translucent wood.  

 
6. To compare the optical properties for translucent wood, pure epoxy, and glass. 
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3. Chapter 3: Materials and Methods 

3.1. Materials 

 Sodium hydroxide (NaOH, Laboratory reagent grade, Fisher Scientific UK), 

sodium sulfite (Na2SO3, Analytical reagent grade, Fisher Scientific UK), hydrogen 

peroxide (H2O2, 50%, El Salam for Chemicals Industries), sodium silicate (Na2SiO3, 

Extra pure, Oxford Lab Fine Chem LLP), magnesium sulfate (MgSO4, Laboratory 

reagent grade, Fisher Scientific UK), diethylenetriaminepentaacetic acid (DTPA, Extra 

pure, Sisco Research Laboratories-India), Ethylenediaminetetraacetic acid (EDTA, 

Pure Lab. Chemicals, Free Trade Egypt), sodium chlorite (NaClO2, 80% extra pure, 

Loba Chemie-India), sodium acetate (C2H3NaO2, Anhydrous, Free Trade Egypt), acetic 

acid (CH3COOH, 96% pure reagent for analysis, Free Trade Egypt), bleach (Clorox-

Egypt), ethanol (C2H5OH, 99.9%, ALAMIA-Egypt), acetone (C3H6O, 99.9%, Diachem 

Chemicals), sulfuric acid (H2SO4, for analysis, ADWIC), Tetrahydrofuran (C4H8O, 

stabilized with 0.1% quinol, Loba Chemie-India), Glass Microfiber filters (Grade G 

F/A (1.6 μm), 1820-047, Whatman), epoxy (3D, CMB-Egypt), and Eucalyptus & 

Casuarina samples were obtained from locally harvested tree logs. 

3.2. Methods 
The general fabrication process can be shown in Figure 25. It starts with the 

wood samples preparation, chemical treatment (whether composed of one or two-stage 

process), then washing, dehydration, and finally the polymer infiltration. The samples, 

recipes, and methods used in each phase are mentioned in their appropriate sections. 

 
Figure 25: General fabrication process stages for transparent wood 

1
Wood Samples 

Preparation

2
Chemical 
Treatment

3
Washing

4
Dehydration

5
Polymer 

Infiltration
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3.2.1.1. Wood Samples Preparation 

To begin with the wood samples preparation, the wood sample was prepared as 

follows in all the experimental phases. Two different logs were obtained from the 

different trees’ species, one Casuarina & one Eucalyptus. These logs were plainsawn 

to obtain squared rods with dimensions of 4 cm by 4 cm by 50 cm. The squared rods 

were then cut radially (against the grain) to obtain wood samples with a 3 mm thickness; 

the obtained wood samples were 40 mm by 40 mm with a thickness of 3 mm from each 

log. The shape and size of the obtained samples can be shown in Figure 26. Similar 

samples were obtained with larger sizes of 60 mm by 60 mm and 80 mm by 80 mm 

with a thickness of 3mm to test the effectivity of the process on larger sizes to 

investigate the scalability of the process. 

 
Figure 26: Casuarina sample (Left) & Eucalyptus sample (Right) 

Another set of wood waste samples from Casuarina were obtained to be used in 

this study. The samples obtained were from wood chips and sawdust. The wood chips 

were crushed and sieved, and two sets of sizes were retrieved; first is particles size 

between 2.25 & 4.75 mm and second with a particles size less than 2mm. The two 

different samples sizes can be shown in Figure 27. The last set of samples were 

Casuarina sawdust samples that were a product of the sawmilling, and it was sieved on 

sieve #4 (425 µm), and the sample was collected from the passed-through sawdust. 

 
Figure 27: Casuarina wood chips & sawdust samples 

Sawdust (less than 425µm) 
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3.2.1.2. Chemical Treatment & Polymer Infiltration 

The second step is the chemical treatment, depending on the recipe followed, 

the treatment can be conducted on one stage or two stages. The chemical treatment aims 

to get rid of the lignin, which gives the wood samples its brownish color and prepares 

the samples for the polymer infiltration. The samples were bleached and delignified 

whether the treatment was a one or two-stage process. The details for each recipe used 

throughout the experimental work can be found below in the following sections. The 

third step is the samples washing, after the chemical treatment the samples were washed 

off the chemicals using distilled or deionized water to obtain clean white samples (at 

this stage, the cellulose and hemicellulose are the main components). The equipment 

used in the chemical treatment and washing were a hot plate, a flask and a condenser 

for the boiling solutions and beakers and parafilm for the nonboiling solutions. The 

setup can be illustrated in Figure 28. 

 
Figure 28: Chemical treatment experimental setup using flask and condenser & beakers on hot plate 

Afterwards the samples were completely dehydrated in the fourth step using 

ethanol and/or acetone. The samples were dehydrated on vacuum filter containers either 

using pure ethanol and pure acetone sequentially for three times or using four different 

concentrations of ethanol, starting with 25%, 50%, 75% and then pure ethanol. 

Afterwards, the samples were stored in pure ethanol and left in the fridge until use.  
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Figure 29: Dehydration setup using vacuum filter container 

Finally, is the fifth step, which is the polymer infiltration. After dehydration, the 

samples were immersed in the polymer and vacuumed at 0.7-0.8 bar for five minutes 

and then depressurized using the setup shown in Figure 30. The vacuuming process was 

repeated at least three times to ensure the total infiltration of the samples. After the 

samples were completely infiltrated, the samples were kept in an oven at 30°C and left 

to dry for 8 h. The fabricated samples were left static for at least 24 h to harden.  

 
Figure 30: Vacuum infiltration setup using vacuum pump and a desiccator 

The experimental plan was divided into four phases, the first phase is the pilot 

study for the chemical treatment in which different recipes were used on both wood 

species to optimize the experimental design and setup. The second phase was designed 

to test the three recipes’ performance on the two wood species (Casuarina & 

Eucalyptus) and select the most promising one. The third phase is an in-depth study on 

the selected treatment method in which the amounts of lignin were measured, and the 

most promising experimental parameters were observed. Also, the samples were 

fabricated using epoxy resin and tested for their properties. In the third phase, an 

upscaling method was introduced by treating different wood wastes (different particle 

sizes), and samples were fabricated also using epoxy resin. Finally, in the fourth and 

last phase, transparent wood samples were fabricated and compared to glass samples. 
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3.2.2. Pilot Study – Chemical Treatment 
For the first phase of the experimental work, three different methods were used 

to assess each recipe’s effectiveness on the locally grown Egyptian wood species 

(Casuarina & Eucalyptus). Three recipes were selected from the literature and were 

used in this study. Two of the most commonly used methods in the literature and the 

substitution of the third one with commercially available bleach were used on wood 

samples. The first recipe used was the delignification method, which consists of a two-

stage process using sodium hydroxide & sodium sulfite for delignification 

and hydrogen peroxide solution for bleaching [2]. The second recipe used was the lignin 

modification method, which consists of a two stages process using alkaline hydrogen 

peroxide solution (H2O2), as the main component for bleaching, and sodium chlorite 

(NaClO2) for delignification [49]. The third recipe was the commercial bleach method 

using Clorox, based on the literature using a sodium hypochlorite solution (NaClO) as 

a one stage process [68]. The details for each recipe are as follows. 

Delignification Method: 

First is the delignification method, the delignification solution (first process) 

was prepared by dissolving 2.5 mol per liter of sodium hydroxide (NaOH) & 0.4 mol 

per liter of sodium sulfite (Na2SO3) in deionized water (DI); and the solution’s pH was 

recorded. Two samples (40 mm by 40 mm by 3 mm) from each species were immersed 

in the solution then placed on the hot plate and kept boiling for at least 12 h. One sample 

from each species was taken out of the solution at 6 h and the other set of samples at 

the end of the treatment. The color of the samples was observed for each species at 

different time intervals. 

After the samples were extracted from the solution, the samples were washed 

using boiling DI water to wash off the chemicals for 1 h. Afterwards, the bleaching 

solution (second process) was prepared by mixing 2.5 mol per liter of hydrogen 

peroxide (H2O2) in deionized water. The samples were transferred and immersed in the 

bleaching solution and kept boiling for about 3 h. 

Lignin Modification Method: 

Second is the lignin modification method, the alkaline hydrogen peroxide 

solution (first process) was prepared by dissolving the following chemicals in deionized 

water (DI) at 70°C for at least 12 h. The chemicals were mixed in the following order: 3 

wt.% of sodium silicate (Na2SiO3), 3 wt.% of sodium hydroxide (NaOH), 0.1 wt.% of 
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magnesium sulfate (MgSO4), 0.1 wt.% of EDTA (instead of the DTPA because it 

wasn’t available in the market), and finally 4 wt.% of hydrogen peroxide (H2O2); and 

the solution’s pH was recorded. Two samples (40 mm by 40 mm by 3 mm) from each 

species were then immersed in the solution. Similar to the previous methods, one 

sample from each species was taken out of the solution at 6 h and the other set of 

samples at the end of the treatment. 

As for the delignification process (second process), 1 wt.% of sodium chlorite 

(NaClO2) was dissolved in an acetate buffer solution with a pH of 4.6. Since the 

available sodium chlorite has an 80% purity, the weight was corrected in the solution 

preparation calculations. According to the literature, the acetate buffer solution was 

prepared by preparing 0.2 M (moles) of sodium acetate (1.64g of sodium acetate in 

every 100ml DI) and 0.2 M of acetic acid (1.143 ml of acetic acid in every 100ml DI). 

Both solutions were then mixed, starting with the sodium acetate and adding the acetic 

acid until the desired pH of 4.6 was reached. Afterwards, the sodium chlorite was added 

and mixed in the buffer solution until total dissolving. The samples were then immersed 

in the delignification solution and placed on the hot plate at 80°C for about 3 h. 

Commercial Bleach (Clorox): 

Finally, the sodium hypochlorite solution, instead of preparing the 5 wt.% 

solution, commercial bleach (Clorox) with the same concentration, was used. One 

sample (40 mm by 40 mm by 3 mm) from each species were immersed in the solution 

and left in room temperature for 30 h. 

3.2.3. Phase I: Performance of Chemical Treatment Methods 
Based on the outcomes of the previous stage, some modifications have been 

made to the experimental design. The same concentrations for the three recipes as stated 

in the previous stages have been used except for the modified method recipe in which 

the DTPA was used instead of the EDTA as mentioned in the literature [49]. Also, the 

solution to the sample ratio for the commercial bleach was adjusted according to the 

literature. 

In this phase, samples from both species (Casuarina & Eucalyptus) were treated 

by the three recipes to compare the effectiveness of the treatment. For the 

delignification method, ten samples from each species (Casuarina with a total weight 

of 29.65 g & Eucalyptus with a total weight of 31 g) were immersed in the 

delignification solution (first solution) in two separate beakers and placed on the hot 
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plate and kept boiling for 12 hours. A sample from each species was taken out every 

three hours; a total of four samples from process one. To ensure the efficiency of the 

treatment, the solution was replaced with a fresh one once the reaction stopped in which 

the solution was saturated. The solution was changed for the Eucalyptus 6 times in total 

at time points 30 min, 1 h, 2 h, 3 h, 6 h and 9 h of treatment. While for the Casuarina 

samples, the solution was changed 5 times in total at time points 1 h, 2 h, 3 h, 6 h and 

9 h of treatment although it was not totally consumed in the last time point. The rest of 

the samples were rinsed with DI water then transferred to the bleaching solution 

(second solution) for six hours, and a sample was taken out every two hours; a total of 

three samples. The solution was changed 3 times in total at time points 30 min, 90 min, 

and 4 h of treatment.  

Similar to the delignification method, the modified method bleaching solution 

(first solution) was prepared (using DTPA). Ten samples from each species (Casuarina 

with a total weight of 29.5 g & Eucalyptus with a total weight of 30.5 g) were immersed 

in it and left on the hot plate at 70°C for 12 hours. A sample from each species was 

taken out every three hours; a total of four samples. The solution for the Eucalyptus 

was changed 2 times in total at time points 2 h and 6 h of treatment. While for the 

Casuarina samples, the solution was changed 2 times in total at time points 5 h and 9 h 

of treatment. Afterwards, the rest of the samples were rinsed with DI water transferred 

to the delignification solution (second solution) and placed on the hot plate at 80°C for 

six hours. A sample was taken out every two hours, with a total of three samples, and 

the solution was changed 1 time for each species.  

Finally, the commercial bleach was used to treat eight samples from each 

species with the sample to solution ratio of 1:60 according to the literature [68]. The 

eight Casuarina samples’ weight was 23.67 g, so 1420.2 g of Clorox were added while 

the Eucalyptus samples weighted 24.36 g, so 1461.6 g of Clorox were added. Both 

beakers were covered and left at room temperature for 24 hours, and a sample was taken 

out every three hours; a total of eight samples. 

3.2.4. Phase II: Lignin Modification Method – Lignin Quantification 

3.2.4.1. Chemical Treatment 

According to the first phase observations, the lignin modification method was 

selected as it was the most promising one. In this phase, the selected method was used 

to treat both wood species and study the change of lignin content during the treatment 
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process. As mentioned in the pilot phase, the solutions have been prepared (using 

EDTA) and mixed in the same order. For each species, 15 samples were used in the 

treatment in which a sample was extracted every 3 h from the H2O2 alkaline solution 

for a total of seven samples to be tested for lignin. The total treatment time for the first 

process was terminated after 21 h. To ensure the chemical treatment’s efficiency, the 

solution was replaced with a fresh one once the reaction stopped. The solution was 

changed four times in total at time points 1, 4, 9, and 15 h of treatment. The extracted 

samples were then washed in boiling DI water for 1 h and dehydrated for 3 h using pure 

ethanol. Afterwards, the rest of the samples were transferred to the delignification 

solution, and a sample was extracted every hour for a total of 5 samples for the lignin 

quantification. The second process’s total time was 5 h in which the solution was 

changed 3 times in total at time points 1, 2, and 4 h of treatment. The extracted samples 

were then washed in boiling DI water for 1 h and dehydrated for 1 h using pure ethanol. 

A total of 12 samples were extracted from the two-stage treatment process for each 

species’ lignin quantification. 

3.2.4.2. Lignin Quantification 

The lignin quantification was conducted according to the Klason lignin method 

in TAPPI T 222 om-02 “Acid-insoluble lignin in wood and pulp” and corrected for the 

ash content according to TAPPI T 413 om-93 “Ash in wood, pulp, paper and 

paperboard: combustion at 900°C”[39], [70] 

3.2.4.3. Washing & Dehydration 

After the chemical treatment, the samples must be washed to get rid of the 

chemicals. Thus, the chemicals were washed off by boiling the samples in deionized 

water for 2 hours. The samples were then dehydrated using different concentrations of 

ethanol, starting with 25%, 50%, 75% and then pure ethanol. The samples were left in 

each solution for 15min and transferred to the next one then was transferred in the pure 

ethanol solution and stored in the refrigerator until use. 

3.2.4.4. Polymer Infiltration 

One sample from each species was infiltrated using epoxy resin. The epoxy was 

prepared according to the manufacturer’s recommendation of mixing the polymer (A) 

and the initiator (B) with a ratio of 3A:1B. The samples were immersed in the epoxy 

(using silicone molds) and vacuumed using a vacuum desiccator and a vacuuming 

pump for 5 minutes and then depressurized. The cycle was repeated at least three times 
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to ensure full infiltration. Finally, the infiltrated samples were placed in an oven at 30ºC 

for 8 h and left to the next day to dry (samples were left static for 24 h to harden) and 

5mm thick samples were obtained. 

3.2.5. Phase III: Transparent Wood from Wood Waste 
After the trials on wood pieces, wood waste was used to study the process’s 

scalability instead of relying on small wood pieces. Two types of wood waste were 

used, wood fibers and sawdust with sizes ranging from 4.75 mm to fine sawdust 

particles. In this phase, the samples were fabricated using epoxy resin to be comparable 

to the wood pieces fabricated in the previous phase. The fabrication process steps can 

be illustrated in Figure 33. 

3.2.5.1. Wood Fibers 

As mentioned above, two sizes of wood chips were used, a sample with a 

particle size between 2.25 mm & 4.75 mm and another with particle size less than 425 

μm. Both samples were treated using the modified recipe for the chemical treatment 

and epoxy resin as the polymer for the infiltration. The chemical treatment was 

conducted using the previously stated two-stage modified recipe method. The H2O2 

alkaline solution was prepared as previously stated and placed on the hot plate at 70ºC 

for 15 h. The solution was discarded and replaced with a new solution when the reaction 

stopped. The solution was changed 5 times in total at time points 1, 4, 7, 9, and 11 h of 

treatment. The samples were then washed for 4 h in boiling DI water to wash off the 

chemicals. For the delignification process, the solution was prepared according to the 

previously stated methods and placed on the hot plate at 80ºC for 5 h. The solution was 

changed two times in total at time points 1.5 and 3.5 h of treatment. The samples were 

then washed for 2 h in boiling DI water to wash off the chemicals. After dehydration, 

the samples were stored in pure ethanol in the refrigerator until use. The samples were 

infiltrated using two methods. First, a sample was vacuumed on a filter container to 

form a thin disk and then infiltrated with the epoxy as the previously stated method. 

Second, after dehydration, the samples were mixed with the epoxy and vacuumed (with 

20 wt.% of the wood sample). In both cases, after the vacuuming at - 0.8 bar, the 

samples were placed in an oven at 30ºC for 8 h and left static for a total 24 h to harden 

and 5mm thick samples were obtained. The samples were fabricated using silicon 

molds, as mentioned before. 
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3.2.5.2. Sawdust 

Similar to the wood chips, the sawdust was treated using the modified recipe 

and fabricated using epoxy resin. The sawdust used was a product from sawmilling 

sieved on sieve #40 (425 µm). Similar to the above-stated methods, the sawdust 

samples were fabricated by mixing it with the epoxy and compared to the wood chips 

samples. 

3.2.6. Phase IV: Casuarina Transparent Wood & Glass 

3.2.6.1. Chemical Treatment 

According to the previous phases’ observations, the lignin modification method 

was used to treat Casuarina wood pieces using DTPA instead of the EDTA, as 

mentioned in the literature[49]. The solutions have been prepared as mentioned in the 

previous phase and mixed in the same order. In this phase, 12 Casuarina samples with 

a total weight of 28.7 g were used in the treatment for a total of 14 hours in the H2O2 

alkaline solution at 70-80ºC. To ensure the efficiency of the treatment, the solution was 

replaced with a fresh one once the reaction stopped. The solution was changed three 

times in total at time points 3, 6, 12 h of treatment. Afterwards, the samples were 

transferred to the delignification solution at 80-85ºC. The second process’s total time 

was five hours in which the solution was changed one time in at time point 2 h of 

treatment. The extracted samples were then washed in boiling DI water for 1 h and 

dehydrated using pure ethanol and left in the fridge till use.  

3.2.6.2. Polymer Infiltration 

Six treated wood samples were infiltrated using epoxy resin. The epoxy was 

prepared according to the manufacturer’s recommendation of mixing the polymer (A) 

and the initiator (B) with a ratio of 3A:1B. The samples were immersed in the epoxy 

(using rectangular silicon molds) and vacuumed using a vacuum desiccator and a 

vacuuming pump for 5 minutes at -0.9 bar and then depressurized. The cycle was 

repeated 3 - 5 times to ensure full infiltration. Finally, the infiltrated samples were 

placed in an oven at 30ºC for 8 h and left to the next day to dry (the samples were left 

static for at least 24 h to harden). The resulting samples were around 60 mm × 40 mm 

× 5mm (the TW was about 40 mm × 30 mm). Similarly, six pure epoxy samples were 

poured as a reference with the same dimensions. In this phase a bigger vacuuming pump 

was used to ensure better polymer infiltration as shown in Figure 31. 
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Figure 31: Polymer infiltration modified setup with a bigger vacuum pump 

3.2.6.3. Epoxy & Glass Samples 

Six samples from three different types of glass were obtained: regular 

transparent glass, sanded glass, and rain glass as shown in  Figure 32. Samples were 40 

mm × 60 mm × 5mm. Also, as a reference for transparent wood samples, six pure 

epoxy samples were prepared. The epoxy was prepared according to the manufacturer’s 

recommendation of mixing the polymer (A) and the initiator (B) with a ratio of 3A:1B. 

The epoxy was poured in rectangular silicon molds and vacuumed using a vacuum 

desiccator and a vacuuming pump for 5 minutes at -0.9 bar and then depressurized. 

 
Figure 32: Epoxy samples & regular, sanded, and rain glass samples
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 Figure 33: Translucent wood fabrication schematics for wood fibers/sawdust (upper schematic) and radially cut wood (lower schematic) showing the stages from sample 
preparation, chemical treatment, and polymer infiltration.
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3.2.7. Phase V: Sawdust Treatment using Commercial Bleach 

In order to introduce a scalable process for the fabrication of transparent wood, two 

factors have to be considered. First, transparent wood fabricated using wood pieces or veneers 

is limited to the available sizes of such materials and an increasingly challenging chemical 

treatment setups to treat the desired sizes. Second, energy-intensive and expensive chemical 

treatment methods are obstacles in the way of producing feasible transparent wood. Thus, in 

this phase, an efficient chemical treatment process was used to treat sawdust samples to 

produce a feasible and easy to upscale the fabrication process. Since sodium hypochlorite is 

the main component in commercial bleach (Clorox), an experiment was designed to test the 

efficiency of the treatment on sawdust samples. The Clorox used was in the first three months 

of production date to ensure the solution’s efficiency. Three different solution to sawdust ratios 

were used to minimize the amount of solution used, starting with 1:20, 1:40, and finally, 1:60, 

as mentioned in the literature [68]. Three flasks containing 5g of Casuarina sawdust were used, 

and then each one was filled with a different ratio of sawdust to bleach, as shown in Figure 34. 

 

  
Figure 34: Casuarina sawdust treatment using commercial bleach with 3 different sample to solution ratios 

 

The setup has been repeated three times for three different time points of treatment 

starting with 24 h, 48 h, and finally 72 h. The sample colors were visually observed at different 

time intervals, and then an FTIR spectroscopy was conducted at the end of each treatment for 

the nine runs and compared to the initial sample. Since FTIR is a qualitative method, the main 

aim was to detect the amount of lignin present at the end of each treatment for the three ratios 

at the different treatment times and compare it to the treated samples’ color. The samples were 

was for 1 h in boiling DI water at the end of the treatment and air dried for the FTIR 

spectroscopy. 

5g of Sawdust in each Flask 1:20 1:40 1:60 
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3.3. Characterization & Testing 

3.3.1. Lignin Quantification - Klason Lignin 

Lignin Content 

The lignin quantification was conducted according to the Klason lignin method in 

TAPPI T 222 om-02 “Acid-insoluble lignin in wood and pulp”. In summary, the samples were 

grinded and sieved to the desired particle size, then sulfuric acid (H2SO4) was used to dissolve 

the cellulose and hemicellulose. After the dissolving process is finished, the samples were 

filtered and washed using glass microfiber and glass crucible to collect the lignin left in the 

sample and then dried to constant weight and lignin content was calculated. The percentage of 

lignin was calculated according to the following formula [39]: 

 

!"#$"$	&'$()$( = 	 !"#$%&	()	*+,-."	($)
(1"23456	!"#$%&	()	*+,-."	($)    (Equation 1) 

 

The detailed process of determining the lignin is as follows. First, the samples were 

grinded and sieved on sieve #40 (425 μm). From each test specimen, two samples were weight 

(0.2 g each, which is a deviation from the protocol that suggests 1 g sample) to be used as a 

technical replica and another sample was taken to determine the moisture content. After 

weighing, the samples were placed in autoclave bottles (250 ml), and 72% sulfuric acid was 

added (3 ml, corrected for the 0.2 g sample) in each bottle and mixed with the sample. 

Afterwards, the autoclave bottles were placed in a water bath at 20 ± 1°C for two hours with 

occasional mixing. Then distilled water was added (112 ml corrected for the 0.2 g sample) to 

each bottle to decrease the concentration of the sulfuric acid to 3%. After decreasing the 

sulfuric acid concentration, the bottles were placed inside an autoclave for a 30min cycle 

(another deviation from the protocol, which states four hours boiling on a hotplate). The 

autoclave temperature reached 122ºC and kept for 30 min; the pressure was 16 psi. The 

autoclave bottles were then taken out of the autoclave and left overnight to settle. According 

to the followed protocol, the flask (in our case bottles) should be kept inclined for the lignin 

particles to settle. The purpose of this step was to ease the vacuum filtering process by 

decanting the supernatant into the filter before the lignin to avoid the blockage of the filter. 

Since the samples were five times smaller, this process was unnecessary, so the bottles were 

kept upright to settle overnight. The following day after the samples settled, the supernatant 

for each sample was decanted into a glass crucible with glass microfiber filter (1.6 μm pores) 
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then the lignin, which was washed three times with hot distilled water. Finally, the glass 

microfiber filters containing the lignin were placed in an oven at 105 ± 3°C until the weights 

recorded were constant. For the process to be as accurate as possible, a correction has been 

made for the moisture content of the samples and the ash content. The detailed process can be 

illustrated in Figure 35. 

 

 
Figure 35: Klason lignin experimental stages starting with sample grinding and treatment with sulfuric acid to 

filtration, washing, and drying to constant weight 

1.	Grinding	&	Sieving 2.	Dissolving	in	Sulfuric	Acid

3.	Water	Bath	@	20±1°C 4.	Autoclaving

5.	Settling	overnight 6.	Filtration	&	Washing

7.	Drying 8.	Weighting
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Moisture Content 

The remaining of the grinded samples were collected and weighted for each time 

interval and dried. The samples were dried at 105 ± 3°C using an oven until the weights 

recorded were constant. The moisture content was calculated using the following equation: 

 

Moisture	content	(%) = !"!#!$%	'(!)*#	+,	-$./%(	())2-$./%(	'(!)*#	$,#(3	435!")	())
-$./%(	'(!)*#	$,#(3	435!")	()) 	× 	100        (Equation 2) 

 

Ash Content 

The determination of ash was conducted according to TAPPI T 413 om-93 “Ash in 

wood, pulp, paper and paperboard: combustion at 900°C” [70]. Four samples from each species 

were obtained for this test with a particle size between 4.75 & 2.25 mm. Three samples were 

used for the ash content determination while the fourth sample was used for moisture content. 

The samples were inserted into ceramics crucibles with covers and then placed inside the 

furnace and ignited at 900ºC for a total of 8 h. The percentage of ash was calculated based on 

the following equation [70]. 

 

Ash	(%) 	= 	 !"#$%&	()	*+%	($)
(."/0123	!"#$%&	()	+*456"	($) × 100              (Equation 3) 

 

 

    
Figure 36: Samples (Left) – inside furnace & (Right) - after combustion 
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3.3.2. Optical Properties 

3.3.2.1. Transmittance 

The transmittance was measured using a two-beam light UV spectrophotometer with 

an integrated sphere using barium sulfate as the white standard. The equipment used was 

SHIMADZU UV-2600i (UV-VIS spectrophotometer) with a range from 220 to 1500 nm. First, 

a calibration was made with the white standard to make sure 100 percent was obtained, and 

then the samples were placed in front of the integrated sphere, and the transmittance was 

measured. 

3.3.2.2. Haziness 

Similar to the transmittance, the same equipment was used as well as the white barium 

sulfate standard. The measurements were done according to ASTM D1003 “Standard Method 

for Haze and Luminous Transmittance of Transparent Plastics”. The result can be expressed in 

Error! Reference source not found.: 

Haze	(%) = 	 *!"!#−
!$
!%, 		× 100     (Equation 4) 

In summary, four readings were obtained at different setups, and then the haze was 

calculated accordingly. The four different setups are as follows: 

• T1 was recorded with the white standard without the sample. 

• T2 was recorded with the sample and the white standard. 

• T3 was recorded after removing both the sample and the white standard 

• T4 was recorded with the sample and without the white standard.  

  

  
Figure 37: Haze configurations setup using UV spectrophotometer with an integrated sphere [1] 
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4. Chapter 4: Results & Discussion 

4.1. Pilot Study Trials & Observations 

The pilot study aimed to test the effectiveness of different treatment methods for both 

Egyptian wood species (Casuarina & Eucalyptus) and optimize the parameters for the chemical 

treatment setup. Moreover, the possibility of dissolving plastic waste to be incorporated with 

the polymer used for infiltration was investigated. This phase was divided into two stages. The 

first stage was the pre-trial, in which the treatment for the samples was monitored, and the color 

of the samples was observed. The second stage was dissolving plastic waste in THF with 

different waste to solvent ratios, and the results were visually observed. 

4.1.1. Chemical Treatment Observations Pre-trials 

The three chemical treatment recipes were used to treat both wood species (Casuarina 

& Eucalyptus) and evaluated accordingly. First, two pieces of each wood species were 

immersed in the three different recipes, and the results were compared visually after 6 h and 

12 h of treatment for the first solution. After 6 h, one piece of each wood species was taken out 

of the first solution and immersed in the second solution (for each recipe except for the bleach) 

while the other pieces were left in the solution for another 6 h. Figure 38 shows the change in 

color of the first set of samples after 6 h treatment before the second solution treatment. The 

initial observation showed that the modified method had the best treatment compared to the 

other methods. 

 
Figure 38: Treated samples using delignification method, lignin modification method, and commercial bleach 

method for Casuarina and Eucalyptus species compared to the original samples after 6 h of treatment 
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When comparing the color change, the delignification samples turned to darker brown 

color compared to the original samples, and the modified samples turned to a yellowish color, 

while the bleached samples turned to faded but darker brown color. Afterwards, the first set of 

samples (6 h treatment) of the modified and delignification methods were transferred to the 

second solution for each recipe and left for 3 h, while the bleached samples were transferred to 

the bleach again. The color of the samples of the first two methods was observed compared to 

each other. The 6 h modified samples were lighter yellowish in color compared to the 

delignification samples were light brownish. Moreover, the delignified samples were fragile 

and broke easily. The results can be shown in Figure 39. 

    
Figure 39: Lignin modification samples after 6 h of treatment (Left) & Delignification method after 6 h (Right) 

of the second treatment process 

Figure 40 shows the change in color of the first set of samples after 12 h treatment 

before the second solution treatment. The samples had the same pattern as the 6 h treated 

samples regarding its color compared to the original samples showing the modified method as 

the lightest in color. However, the 12 h samples of the delignification and modified samples 

were darker in color compared to the 6 h samples, which contradicts the purpose of more 

extended treatment. In order to confirm the observations, the samples were washed in DI water 

to see if there was a change of color. In Figure 40, the delignified samples showed no change 

in color after washing, which meant that the treatment process was responsible for the darker 

color. On the other hand, the commercial bleach samples showed improvement (lighter color), 

but all samples were far from turning white. 

   
Figure 40: Treated samples using delignification method, lignin modification method, and commercial bleach 

method for Casuarina and Eucalyptus species compared to the original samples after 12 h of treatment 
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Furthermore, the modified 12 h samples were transferred to the delignification solution 

(second solution) to complete the treatment and compared to the fully treated 6 h samples. 

Comparing the two sets of samples, the 12 h samples showed better treatment with a light 

yellowish color, but the samples looked stained and were not turning white even when left for 

a longer time. Moving to the commercial bleach samples, the samples were left for a total of 

30 h, and parts of it turned to a light yellowish color while brown strokes remained visible in 

both species. The results can be shown in Figure 41. 

    
Figure 41: Lignin modification samples after 6 h of treatment(left) and 12 h (middle) & commercial bleach after 

30 h of treatment (right) for Casuarina and Eucalyptus species 

4.1.2. Plastic Waste Dissolving 

In this phase, polystyrene plastic waste was dissolved in THF using four different waste 

to solvent ratios. The plastic waste to solvent ratios were 1:2, 1:5, 1:8, 1:12 and was mixed 

until it totally dissolved at room temperature. The solution was poured in a silicone mold and 

vacuumed and left to dry overnight. The observations can be illustrated in Figure 42, showing 

a tradeoff between wrinkling and transparency. However, the solution was too viscous and very 

cloudy to be used as the polymer since the polymer desired to be very transparent and less 

viscous to infiltrate the wood samples properly. Thus, discounting the plastic waste dissolving 

and epoxy resin were used in future trials. 

 
Figure 42: Plastic waste mixed in different concentrations of Tetrahydrofuran (THF) 

Casuarina 

Eucalyptus 
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4.2. Performance of Chemical Treatment Methods 

The delignification method, lignin modification method, and commercial bleach were 

used to treat the Egyptian hardwoods (Casuarina & Eucalyptus) samples to evaluate their 

effectivity. Based on the previous stage observations, the solutions were replaced once the 

reactions stopped to avoid the samples staining and ensure effective treatment. Regarding the 

delignification and lignin modification treatments, the first solution process is indicated as I 

and the second process as II in the figures below. Also, regarding the commercial bleach, wood 

to solution ratio of 1:60 was used instead of just covering up the samples with the solution and 

was left for 24 h. The samples comparisons can be shown in the figures below, showing each 

treatment method’s progress at comparable time points.  

 

 

        
Figure 43: Commercial bleach treatment for Casuarina and Eucalyptus at different intervals showing the 

progress of treatment 

 

 

       
Figure 44: Delignification treatment for Casuarina and Eucalyptus at different intervals showing the progress 

of treatment 

 

 

       
Figure 45: Lignin modification treatment for Casuarina and Eucalyptus at different intervals showing the 

progress of treatment 

Initial     3 h              6 h     9 h                 12 h                     15 h                  18 h                      21 h                  24 h 

      Initial                 I-3 h                     I-6 h                 I-9 h                 I-12 h                   II-2 h             II-4 h             II-6 h 

      Initial                 I-3 h                     I-6 h                 I-9 h                 I-12 h                   II-2 h             II-4 h              II-6 h 

Casuarina 

Eucalyptus 

Casuarina 

Eucalyptus 

Casuarina 

Eucalyptus 
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The commercial bleach treatment showed promising results but was only effective for 

Casuarina and had minimal effect on the Eucalyptus, especially on the heartwood areas. Also, 

at the end of the treatment (after 24 h), the samples were very fragile and easily broken and 

still had a yellowish fade color. Moving to the delignification method, at the end of the 

treatment, both species did not turn white and were broken up into little pieces due to the 

removal of lignin. Although it was more effective on the Eucalyptus samples, the results were 

not encouraging to proceed with. On the other hand, the lignin modification method showed 

very promising outcome since it worked on both species and the samples turned white much 

faster compared to the two other recipes even for the heartwood. Moreover, the process didn’t 

produce as much as black liquor as the delignification method. Thus, proving that the lignin 

modification method was the most promising treatment method for both species compared to 

the delignification method, which had far less treatment effect on both species and the 

commercial bleach, which was more efficient to treat Casuarina samples only. To sum up, the 

lignin modification method was the most efficient on both species with the least treatment time 

and least black liquor produced compared to delignification method. 

According to the literature, the lignin’s presence is a characteristic of aromatic 

compounds peaks at 1505 cm-1 in the FTIR spectrum [49], [71]. Thus, the absorbance peaks at 

wavenumber 1505 cm-1 were observed to compare the lignin presence in each sample. Based 

on the results after 12 hours of treatment for the three recipes compared to the untreated 

Casuarina wood, there was no presence of lignin in the commercial bleach method while the 

lignin modification method had less amount of lignin than the delignification method. 

Theoretically, this should not have been the case if the wood samples were fully treated by the 

lignin modification method at a shorter time than the delignification method. Figure 46 

illustrates the FTIR spectrums for the three recipes after 12 h of treatment compared to the 

untreated Casuarina wood. 

 
Figure 46: FTIR spectrums for untreated Casuarina wood, commercial bleached sample, lignin modified 

sample, and delignified sample after 12 h of treatment. 
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After 18 h of treatment by the lignin modification method and the delignification 

method, the FTIR showed no presence of lignin in the lignin modification sample and very 

little lignin in the delignification sample. Moreover, after 24 h, the commercial bleach 

treatment showed no presence of lignin like the lignin modification method. Figure 47 shows 

the FTIR spectrums for the three recipes compared to the untreated Casuarina wood. Although 

the lignin was removed by the commercial bleach and lignin modification methods, no black 

liquor was produced due to the treatment process as the delignification process produced. Thus, 

confirming that the lignin modification method and the commercial bleach method are the most 

promising treatments for Casuarina. 

Similar to Casuarina, after 12 hours of treatment for Eucalyptus, the commercial bleach 

and lignin modification methods showed lower lignin presence than the delignification method. 

Figure 48 shows the difference in peaks at 1505 cm-1 for the three recipes and the untreated 

Eucalyptus wood. On the other hand, at the end of the treatment (18 h for LM & DL, and 24 h 

for CB), the lignin modification treatment method showed no presence of lignin. In contrast, 

both the commercial bleach (unlike for Casuarina) and delignification methods still had 

presence of lignin. Thus, confirming the visual observations that showed the lignin 

modification method to be the most effective method for both wood species. Figure 49 

illustrated the FTIR results for untreated Eucalypts wood and the three treatment methods 

mentioned above.  

Linking the visual observations with the FTIR results, it can be concluded that the 

delignification method is not efficient for treating Casuarina and Eucalyptus wood species 

since the treated samples did not turn white nor the lignin was totally removed. Also, black 

liquor was produced as a result of the treatment process, which is considered not 

environmentally friendly due to its difficult disposal. Furthermore, the commercial bleach 

treatment was much more efficient for Casuarina (samples turned white) than for Eucalyptus, 

which had very little change in color through the treatment process. In addition, the samples 

lost a lot of its strength at the end of the process due to the long treatment time, which made it 

very difficult to wash and dehydrate the samples to prepare it for polymer infiltration. Finally, 

the lignin modification method proved to be the most effective treatment method for both 

species by turning the sample white and removing the lignin while retaining a little bit of the 

sample’s strength. Moreover, no black liquor was produced from the process, and the treatment 

was less energy-intensive compared to the delignification process, which required constant 

boiling of the solutions through the treatment process. 
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Figure 47: FTIR spectrums for untreated Casuarina wood, commercial bleached sample, lignin modified 

sample, and delignified sample at the end of treatment. 

 
Figure 48: FTIR spectrums for untreated Eucalyptus wood, commercial bleached sample, lignin modified 

sample, and delignified sample after 12 h of treatment. 

 
Figure 49: FTIR spectrums for untreated Eucalyptus wood, commercial bleached sample, lignin modified 

sample, and delignified sample at the end of treatment. 
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4.3. Lignin Quantification (Lignin Modification Method) 

To better understand the chemical treatment effect, both species’ lignin content was 

quantified using Klason lignin throughout the lignin modification chemical treatment. First, 

the initial lignin content of Casuarina and Eucalyptus were measured and corrected for the 

moisture content and the ash content. The ash content for Casuarina was about 1.18% (ash 

content for Eucalyptus was assumed to be the same as Casuarina). The total treatment time was 

26 h for both solutions; the bleaching solution treatment time was 21 h while the delignification 

solution was 5 h. Seven intervals were selected for the bleaching process (every 3 h) and 

analyzed and five intervals for delignification process (every hour). The first solution process 

(H2O2 alkaline bleaching) is indicated as I and the second process (sodium chlorite 

delignification) as II. The lignin content at the 12 different time points during the chemical 

treatment was obtained and recorded in Table 8. The initial lignin content for Eucalyptus was 

around 6% more than the Casuarina, which indicates a longer treatment time. However, the 

drop in lignin content in both species was comparable throughout the treatment time until 

towards the end of the first process and beginning of the second process. Starting the second 

process, the Casuarina samples almost lost all its lignin content while the Eucalyptus still 

required further treatment. After the first hour, the lignin content for the Casuarina samples 

could not be detected. On the other hand, the Eucalyptus still had some lignin content until the 

end of the second process. Figure 50 illustrates the change in lignin content for both species. 
Table 8: Casuarina & Eucalyptus lignin quantification results at different intervals 

Treatment Time 
(h) 

Lignin (%) 
Eucalyptus Casuarina 

Initial 35% 29% 
I-3 23% 20% 
I-6 20% 20% 
I-9 16% 18% 
I-12 15% 15% 
I-15 16% 13% 
I-18 13% 10% 
I-21 12% 8% 
II-1 10% 7% 
II-2 8% 1% 
II-3 4% 0% 
II-4 3% 0% 
II-5 2% 0% 
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Figure 50: Lignin content for Casuarina & Eucalyptus (using Klason Lignin) during the treatment process 

using lignin modification method for the first process (upper) and second process (lower) 

 

According to the obtained results, Casuarina samples were easier to treat than the 

Eucalyptus samples, especially that it has lower initial lignin content. After the bleaching stage, 

the casuarina samples were almost treated to the point which required little to no further 

treatment with the delignification solution. The Casuarina samples almost had no lignin content 

after the first hour of the delignification process after the 21 h of bleaching. Showing a better 

overall behavior over the Eucalyptus; thus, choosing Casuarina for further investigation. 
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4.4. Transparent Wood (TW) & Transparent Wood Fibers (TWF) 

Transparent wood was fabricated using Casuarina wood treated using the lignin 

modification method and infiltrated using epoxy resin. While transparent wood fiber was 

fabricated using the same recipe and adding 20 wt.% of sawdust to the epoxy resin. Finally, 

pure epoxy samples were poured as a reference with the same dimensions. The results of this 

phase can be shown in Figure 51 labelled as mentioned below. 

Regarding the wood waste samples, two infiltration methods were used to fabricate 

transparent wood samples. First, as mentioned in the literature, a thin disc made from the wood 

fibers (between 2.25 & 4.75 mm) and then immersed in the epoxy and vacuumed (S1). 

Unfortunately, the binding was unsuccessful, and it made a totally white sample with no 

visibility. Accordingly, for the second sample, the wood fibers (between 2.25 & 4.75 mm) were 

mixed with the epoxy and vacuumed (S2), but it had the same issues as the previous one. Thus, 

excluding the wood fibers between 2.25 & 4.75 mm from future trials. 

Regarding the wood fibers with particle size less than 2 mm, the samples were 

fabricated using both infiltration methods. The thin disc infiltration method produced an epoxy 

sample with the wood fibers clearly visible inside (in white – S3) while the mixing technique 

produced an opaque sample that showed clusters of fibers that obstructed its transparency (S4). 

Finally, the sawdust samples were fabricated using both methods and compared. The thin disc 

method made the sample cloudier (S5) than the mixing method (S6), which was the most 

promising one due to its visibility. Thus, choosing the sawdust and the mixing method for 

further trials. 

 
Figure 51: Transparent wood sawdust samples & wood fibers after polymer infiltration 

S1 S2 S3 

S4 S5 S6 
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Two square silicone molds were used for the epoxy and Casuarina TW samples while 

a circular mold was used for the sawdust. The Casuarina TW color was yellowish compared to 

the other two samples but still was translucent, as shown in Figure 52. 

 

   
Figure 52: Epoxy sample (left), TW Casuarina using lignin modification method and epoxy (middle), & TW 

Sawdust using lignin modification method and epoxy (right) 

 

The three fabricated samples’ optical properties were measured in the visible light range 

(400 – 800nm) using UV spectrophotometer with an integrated sphere. The transmittance for 

pure epoxy was the highest with around 84% while TWS had around 80% transmittance and 

lastly was the Casuarina transparent wood sample with around 62%. The results for TW, TWS, 

and epoxy can be illustrated in Figure 53. Although 84% is relatively high, pure epoxy was 

expected to have a higher transmittance; especially it is an ultra-transparent epoxy used for 

coating wall art and paintings. The cause of such phenomena might be attributed to the 

impurities in the mix during the fabrication process or due to the sanded finish of the square 

silicone molds used in this experiment. Unlike the squared silicone mold, the circular mold had 

a very smooth finish, which might explain the little difference between TWS and the pure 

epoxy. Thus, the silicone mold with the sanded bottom finish was excluded from future work, 

and smooth finished silicone molds were used. Aside from the epoxy sample finish problem, 

the transparent wood fabricated using sawdust showed very promising results. 

To sum up, regarding the polymer infiltration step, the mixing technique was selected 

over the thin disk due to the incomplete polymer infiltration as well as the clouding effect 

displayed in the sawdust sample (S5) in Figure 51. Also, the sawdust showed much better 

results compared to the two sizes of the wood fibers. Thus, choosing to proceed with sawdust 

over the wood fibers using the mixing technique to ensure better polymer infiltration. 

Moreover, the silicone molds used were replaced with new similar silicone molds with smooth 

surfaces to ensure better sample finish and comparable results for all samples. 
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Figure 53: Light transmittance of TW & TWS & Epoxy samples measured using UV spectrophotometer with an 

integrated sphere 

According to Error! Reference source not found., haziness was calculated using UV 

spectrophotometer with an integrated sphere in the visible light range (400 – 800nm). The 

results for epoxy and TWS can be illustrated in Figure 54. Similar to the transmittance, the 

haziness results were affected by the sanded finish of the epoxy sample. Although the pure 

epoxy should not be scattering light, the haziness was about 68%, which is relatively high for 

such clear materials. On the other hand, TWS had haziness of 85%, which is considerably good 

despite using a smooth finished silicone mold in the fabrication process. Thus, showing very 

promising optical properties (transmittance and haziness) for TWS. 

 
Figure 54: Haziness of TWS & Epoxy samples measured using UV spectrophotometer with an integrated sphere 

200 400 600 800
0

20

40

60

80

100

Wavelength (nm)

Tr
an

sm
itt

an
ce

 (%
)

Epoxy

TWS-20%

TW

200 400 600 800
0

20

40

60

80

100

120

Wavelength (nm)

H
az

in
es

s (
%

)

Epoxy

TWS-20%



 69 

4.5. TW – Transparent Wood (TW) & Glass 

When placed on a document, the fabricated translucent wood showed good 

translucency in which the text was readable through it. However, once lifted from the 

document, the text was not readable, which is similar to the literature[68]. The fabricated 

translucent wood samples (using Casuarina) can be shown in Figure 55. 

 

 
Figure 55: Fabricated translucent wood (Casuarina) 

To put things into perspective, the fabricated translucent wood samples are compared 

to the pure epoxy and the three types of glass (regular, sanded, and rain glass). In Figure 56, 

all samples were placed directly on the document, and the transparency was observed. The 

epoxy and regular glass had the most visibility, followed by the sanded glass with very clear 

transparency. Finally, the translucent wood and rain glass had the least visibility compared to 

the other materials. 

 
Figure 56:Visibility (transparency) of TW, epoxy, and glass samples compared
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In this phase, the fabricated transparent wood optical properties were compared 

to untreated pieces of wood, pure epoxy and three types of glass: regular transparent 

glass, sanded glass, and rain glass. In addition, the results obtained for TWS from the 

previous phase was included in the comparison. 

The transmittance was measured in the visible light range (400 – 800 nm). To 

begin with, the pure epoxy had the highest transmittance with around 92%, followed 

by regular glass and rain glass with around 85% and 82% respectively. Finally, the 

sanded glass and transparent wood had a comparable result with 72% and 70% 

respectively. Untreated Casuarina wood transmittance was measured to be included as 

a reference to the fabricated Casuarina transparent wood. The transmittance results for 

epoxy, TW, TWS, Casuarina wood, and glass can be illustrated in Figure 57. Although 

the visibility of sanded glass was better than the rain glass, the light transmittance did 

not follow the same trend. Finally, the translucent wood sawdust was around 80% 

placing it between epoxy, regular, and rain glass and translucent wood, and sanded 

glass. Although high light transmittance is a desirable feature, there is a tradeoff 

between the light transmittance and light scatter. In order to determine the appropriate 

application for each material, the haziness has to be measured. Unfortunately, it is 

usually a tradeoff between the two properties; the higher the light is transmitted, the 

less light is scattered. 

 

 
Figure 57: Light transmittance of TW, TWS, epoxy, casuarina wood, and glass samples measured 

using UV spectrophotometer with an integrated sphere 
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Unlike for the light transmittance, epoxy, regular, and rain glass had the lowest 

haziness compared to TW, TWS, and sanded glass. Transparent wood had the highest 

light scatter with around 95% haze compared to only 77% & 27% for the sanded glass 

and rain glass respectively. In comparison, epoxy and regular glass had almost zero 

values for haziness due to their high visibility. The haze results for TW, epoxy, and 

glass are illustrated in Figure 58. Comparing the obtained results from this phase to the 

results of TWS obtained in the previous phase, it shows that TWS has a high potential 

in replacing sanded glass. TWS had a transmittance of 80% and haziness of 85% while 

the sanded glass had 72% and 77% respectively. While in other applications, which 

does not require high visibility, transparent wood has an edge in offering better thermal 

insulation and high haziness without compromising much the amount of light 

transmitted. 

Since the transparent wood fabricated using sawdust showed very promising 

results compared to other glass materials as well as the transparent wood fabricated 

from wood pieces, a scalable chemical treatment is introduced in the next phase. The 

next phase aims to test the efficiency of using commercial bleach in the sawdust’s 

chemical treatment since the sample losing its strength is not an issue for the sawdust; 

like it was in the previous phases for the wood pieces. Also, the commercial bleach is 

not energy-intensive treatment method and could be the cheapest compared to relatively 

more expensive chemicals used in the other two processes. 

 
Figure 58: Haziness of TW, epoxy, and glass samples measured using UV spectrophotometer with an 

integrated sphere
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4.6. Sawdust Treatment using Commercial Bleach 

In this phase, three waste to solution ratios were used to treat Casuarina sawdust 

for three different time intervals 24, 48, and 72 h. The ratios used were 1:20, 1:40, and 

1:60 and the change of color was observed over the first five hours of treatment and 

then at the selected time points. The samples were then washed in boiling DI water, and 

the colors were observed as well. Finally, the samples were air-dried, and FTIR 

spectrum was obtained to determine lignin’s presence versus the color change. As 

shown in Figure 59, the samples were bleached in the first few hours of the treatment, 

especially for the 1:60 ratio. However, when the samples were washed, as shown in 

Figure 60, the sawdust turned to a brownish color for the 1:20 ratio and yellowish color 

for the 1:40. On the other hand, the 1:60 ratio showed the best color changes compared 

to the other two ratios, and the color did not change a lot after increasing the treatment 

time. However, comparing the 1:40 ratio after 48 and 72 hours, it showed comparable 

results to the 1:60, which could save on the solution used to treat the samples. Thus, 

further investigation was conducted through FTIR to determine the presence of lignin 

for each ratio at the three different time intervals. 

 
Figure 59: Visual comparison for sawdust treatment using Commercial Bleach at different time 

intervals for three waste to solution ratios 1:20, 1:40, and 1:60 (from left to right in each picture) 

 
Figure 60: Treated sawdust after washing at 24, 48, and 72 h for three waste to solution ratios 1:20, 

1:40, and 1:60 (from left to right in each picture 
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The bleached air-dried sawdust samples can be shown in Figure 61, with the 

1:60 ratio at 48 and 72 h having the whitest color compared to the 1:20 and 1:40. 

However, according to Figure 62, the FTIR showed no presence of lignin for all three 

ratios after only 24 hours of treatment, which does not explain the color of the sample 

treated with ratio 1:20. Although FTIR showed no presence of lignin, some sample 

needed further treatment, especially after washing in boiling DI. The sample could have 

stained from the washing step, but this was not common behavior for all ratios, thus 

requiring more investigation with lignin quantification (Klason lignin) to verify the 

results. Also, to create a correlation between the lignin content and the color of the 

sample, a brightness test can be conducted to explain the treatment effect better. 

 
Figure 61: Color comparison for treated sawdust using commercial bleach different waste to solution 

ratios (1:20, 1:40, and 1:60) at 48 & 72 h of treatment 

 
Figure 62: FTIR spectrums for untreated Casuarina sawdust and commercially bleached sawdust with 
different waste to solution ratios (1:20, 1:40, and 1:60) at 24 h of treatment. At 48 and 72 h showed the 

same results with no lignin presence (Figure 63 & Figure 64) 
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5. Chapter 5: Conclusion and Recommendations 

5.1. Conclusion 

Transparent wood can be used as an alternative material in many applications 

to either replace less environmentally friendly materials or increase the desired system's 

efficiency. Replacing glass building claddings with transparent wood can increase the 

overall efficiency of the HVAC and lighting systems of the building. Better efficiency 

can be achieved due to its better thermal insulation compared to glass and its high 

optical haze that reduces the need for artificial lighting during the day. 

There are different fabrication methods for transparent wood, which can be used 

depending on the wood species and size. During this study, three chemical treatment 

methods were used to test the efficiency of such treatment on the Egyptian hardwoods 

(casuarina & eucalyptus); these methods are the delignification method, the lignin 

modification method, and the commercial bleach treatment. In theory, the chemical 

treatment main aim is to remove the lignin content from the wood (which gives it its 

color) and replace it with a transparent polymer. First, the delignification treatment 

method consists of two processes. The first process removes most of the lignin, and the 

second process bleaches the wood while removing some of the lignin content. In the 

first process, the resultant is concentrated black liquor and weak samples, and in the 

second process, the sample could easily be broken. Although it was an effective method 

for some wood species, such as basswood, it did not show promising results with the 

Egyptian hardwoods. Also, the commercial bleach had minimal effect on the eucalyptus 

samples, and by the end of the casuarina treatment, the samples still had a yellow color 

and easily broken. 

On the other hand, the lignin modification method showed better treatment 

behavior for both wood species and stronger wood templates ready for the polymer 

infiltration. The treatment was faster and easier compared to the other two methods and 

did not produce black liquor in the treatment process, which is more environmentally 

friendly. Thus, the lignin modification method was selected to proceed with for future 

phases. 

In the next phase of the study, an in-depth analysis has been conducted on the 

lignin modification treatment method for both wood species to select the optimum 

treatment parameters and the wood species with the better treatment behavior. Klason 
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lignin was used to determine the lignin content change throughout the treatment process 

and analyze both wood species' treatment effectiveness. Although the eucalyptus had 

higher lignin to start with, both wood species had comparable results in the first half of 

the treatment process. However, towards the end of the first treatment process (the 

alkaline H2O2 solution), the casuarina samples were almost fully treated and required 

little to no delignification treatment (second treatment process). Accordingly, reducing 

the treatment time as well as the chemical solutions needed for the treatment of 

casuarina. Thus, selecting casuarina wood for the next phase. 

Casuarina wood fibers and sawdust were treated using the lignin modification 

and infiltrated using epoxy resin to fabricate the transparent wood samples in this phase. 

After the epoxy infiltration, the wood fibers were not properly infiltrated using two 

different methods (disk and mixed), but the sample had clear white cloud and no 

transparency. On the other hand, the sawdust samples had clear visibility and could 

easily read through it using either method. However, the disk method has cloudier 

visibility compared to the mixed sample. Casuarina wood pieces and sawdust were 

treated using lignin modification method and infiltrated using epoxy resin to fabricate 

transparent wood samples in this phase. To put things into perspective, transparent 

wood fabricated using casuarina wood pieces, and sawdust was compared to pure epoxy 

to evaluate the optical properties. Comparing the three sample, the pure epoxy 

transmittance was the highest with around 84%, followed by the sawdust (TWS) with 

around 80% and finally the transparent wood (TW) with 62%. The silicone molds used 

for the epoxy and TW were squared molds with the sanded finish while the TWS had a 

smooth finish. This could have been a factor decreasing the actual values for both the 

epoxy and TW; thus, excluded from future work and replaced by new silicone molds 

with a smooth finish.  

After fabricating TW and TWS (20%) samples, their optical properties were 

compared with pure epoxy and three types of glass (regular glass, sanded glass, and 

rain glass). The pure epoxy had the highest transmittance, with around 92%, followed 

by regular glass and rain glass with around 85% and 82% respectively. Finally, the 

sanded glass and transparent wood had a comparable result with 72% and 70% 

respectively. Moving to haziness, transparent wood had the highest light scatter with 

around 95% haze compared to only 77% & 27% for the sanded glass and rain glass 

respectively and almost zero percent for both the pure epoxy and regular glass. Thus, 

transparent wood showed fairly good light transmittance compared to pure epoxy and 
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glass, but on the other hand, it had the highest haziness with around 95%. Also, since 

the TWS had a high light transmittance (~80%) as well as high haziness (~85%), it 

paves the way for a scalable process to produce transparent wood with superior optical 

properties. Moreover, the commercial bleach showed promising results in sawdust 

treatment, even though for a longer period of time but without heating, which helps 

produce feasible transparent wood that can be used in many applications. 

Finally, commercial bleach treatment method showed very promising results, 

especially for higher waste to solution ratios which paves the way for a scalable and 

cheap treatment method for fabricating TWS. However, further research is required to 

determine the optimum parameters for the treatment and test its optical properties and 

study its effect compared to the fabricated samples using lignin modification method. 

5.2. Recommendations 

According to the results obtained from this research, the following points can 

be covered in future work: 

• Investigate the effect of using DTPA in the lignin modification method by 

conducting lignin quantification (Klason lignin) for the treatment of 

casuarina and eucalyptus samples and compared to the EDTA results. 

• Study the effect on the optical properties for TWS using different ratios of 

sawdust to polymer, as mentioned in the literature. A range from 10 to 30% 

of sawdust to epoxy ratio can be used and compared. 

• Study the effect of using different polymers on the optical properties of 

transparent wood or TWS. 

• Investigate the effect of using eucalyptus sawdust to fabricate TWS vs using 

casuarina sawdust with the commercial bleach method (using different 

solution to sawdust ratios and different treatment durations). 

• Study the mechanical properties for TW and TWS fabricated using different 

polymers and compare it to natural wood, glass, and other plastic polymers. 
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Appendix 
 

 
Figure 63: FTIR spectrums for untreated Casuarina sawdust and commercially bleached sawdust with 

different waste to solution ratios (1:20, 1:40, and 1:60) at 48h of treatment. 

 

 
Figure 64: FTIR spectrums for untreated Casuarina sawdust and commercially bleached sawdust with 

different waste to solution ratios (1:20, 1:40, and 1:60) at 72h of treatment. 
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