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Abstract 
 

In recent years, pollution due to the production and use of plastics has become one of the biggest 

problems worldwide, as the production of disposable plastic increases rapidly, the difficulty of dealing 

with them increases. These problems are commonly seen on continents like Africa and Asia, where 

the wastes collection system is not sufficient or even existent. However, in more developed countries 

with low recycling rates, also present some troubles to collect some discarded plastics 

For this reason, in recent years, policies have been developed to help mitigate this problem.[1] 

In previous research carried out since 2016, it was observed that the liquefaction of lignocellulose 

biomass produces an oil that contains heavy components, which increase the viscosity of the oil 

produced during the process. Due to the presence of these heavy components, the liquefaction oil 

becomes of particular interest as a candidate to investigate as a potential precursor of a thermoplastic 

material.[2]. This material presented a Tensile Strength of 0.41 MPa. This material was reinforced with 

bagasse at 10%wt obtaining 2.5 MPa. 

For this new research a vacuum residue was produced in order to reinforce the material with pine wood. 

Moreover, a oil filtration was done in order to observed is the solids can have an effect over the 

mechanical properties. 

Two vacuum residues were obtained, the one that was made with the filtrated oil, and the other without 

filtration. The results shown that as the percentage of wood increases tensile strength increases as 

well giving a maximum of 1.30MPa. It is also observed that the effect of solids has a negative effect on 

tensile strength since the samples that were produced with the filtered material had lower results than 

those produced with the filtered material. However, the material is still very fragile, this is probably 

because the molecular weight of this material is very low compared to the molecular weight of common 

plastics. 

Is predicted by 2024 2.43 million of bioplastic can be produced, for this reason more biopolymers 

application is developing in the recent years. On the following figure is shown the forecast for the 

growing production capacity by 2024.[3] However, once this material is improved, it can enter the 

bioplastics market, since as you can see the market will have an increase in the following years, in 

addition to the material being manufactured with biodegradable material, such as wood, which favors 

the reduction of the environmental impact produced by conventional plastics. 
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1. Introduction 
 

 

Plastics might have different origins, some are derived from petrochemicals, these are called synthetic 

plastics and those that are plastics that are derived from renewable materials, these are considered 

less toxic than the synthetic ones such as polylactic acid[4]. 

In recent years, pollution due to the production and use of plastics has become one of the biggest 

problems worldwide, as the production of disposable plastic increases rapidly, the difficulty of dealing 

with them increases. These problems are commonly seen on continents like Africa and Asia, where 

the wastes collection system is not sufficient or even existent. However, in more developed countries 

with low recycling rates, also present some troubles to collect some discarded plastics 

For this reason, in recent years, policies have been developed to help mitigate this problem.[1] 

Production of plastics has been increasing during the last 50 years worldwide, the total production by 

2018 was 359 million tonnes, 11 million tonnes more compared with the production in 2017 (348 million 

Tonnes), however in Europe by 2018 the amount of plastic produced was of 61.8 Million tonnes and 

has been decreasing by around 4% compared with the 64.4 Million tonnes  produced by 2017[5]. 

Europe has a plastic converter demand of 51. 2 Million tonnes where Netherlands contributes with 2.2 

Million tonnes (4.3%). The following figure will show the plastics demand by country by the end of 

2018.[6] 

 

 

Figure 1. Plastic demand in Europe by country [6]. 
* Benelux refers to a politic and economic trade and international cooperation between Netherlands, Belgium and Luxemburg. 
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The environmental problems regarding of the production and use of plastics are increasing due to most 

of them are non-fully recyclable and represents a waste management problems generating a high 

greenhouses emissions and ecological damage due to the remain in the nature for a long time, as an 

example of the ecological damage is the mounting plastics found in several species, such as in maritime 

species, birds, etc. that can have a negative impact on the human health, because through the nutrient 

chain accumulated plastics can be ingested by humans, causing long-term intoxication.[7] 

Due to the problems mentioned above, some trades have been developed in order to gradually change 

the plastic industry, it will open new horizons and new markets focusing on plastics that are 

biodegradable or easier to recycle in order to reduce the use of toxic materials and the final disposal of 

plastics. In addition, these trades promote a "bio-based economy", as a consequence the markets will 

start to develop this type of products in order to mitigate environmental damage. Based on this, the 

motivation for this research is produce a woody thermoplastic that can be used for any purpose, and 

the advantage is that can be fully recycled.[8] 

This bioplastic can help reduce the waste that conventional plastics that are usually produced and that 

are not recycled, since as mentioned it can be completely recycled, it means that once the product was 

used can be processed again as a raw material to produce more products, which leads to a significant 

reduction of waste and raw materials for its production. Because it is a wood-based product, its 

properties are less toxic than conventional materials, so its harmful impacts are also less. In addition, 

wood is a material that is found in large quantities worldwide, and only a part of it would be used for 

the production of biomaterials 

In previous research carried out since 2016, it was observed that the liquefaction of lignocellulose 

biomass produces an oil that contains heavy components, which increase the viscosity of the oil 

produced during the process. Due to the presence of these heavy components, the liquefaction oil 

becomes of particular interest as a candidate to investigate as a potential precursor of a thermoplastic 

material.[2] 
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1.1. Scope 
 

Due to the current problematic of the accumulation of plastics in the environment, different alternatives 
are being developed that help mitigate this problem, one of them is the search for the potential of 
biomaterials as an alternative for the elaboration of bioplastics. In a previous search in 2016, [52], the 
mechanical properties of the liquefaction vacuum residue (VR) were evaluated, as a potential 
thermoplastic material, the results of this research showed that the material has a low tensile strength 
and is very brittle. Based on this, the main objective is to improve the mechanical properties of the 
material (VR), specifically reducing the brittleness of the material. For this, the effect of reinforcing this 
material with short natural fibers, specifically pine wood, was studied as well as the effect of solids. To 
carry out this project, some questions were developed in order to have a line of research. 
 
Research Questions: 
  
a) What is the effect of the reinforcement of the vacuum residue with natural fibers (pine wood) regards 
its mechanical properties? 
 
b) What effect do solids have regards to its mechanical properties? 
 
c) What is the potential of the bio-plastic to be introduced to the current market? 
 

1.2.  Thesis Outline 
 
This Thesis Report is divided in 7 chapters, and a brief on introduction of them will be shown as follows: 

Chapter 1.-Introduction: A brief introduction of the current situation about the plastics and the 

environment. Moreover, can be found the main motivation of this research. 

Chapter 2.- Theoretical background: A brief background about the production of the vacuum residue, 

in addition a brief theoretical polymers (plastics) and its mechanical properties background. Moreover, 

a brief introduction about the biomass which is used as a raw material for reinforcing the vacuum 

residue.  

Chapter 3. Experimental work  

Chapter 4. Results and Discussion 

Chapter 5. Bio-based products: position of bioplastic in the market: On this part of the report, and 

explanation about bio-based products and is current status in the market. Moreover, an explanation of 

the market potential of the material produced on this research will take place, in order to make an 

analysis related with the product produced in this research. 

Chapter 6. Conclusions: Final conclusions of the research will take place. 

Chapter 7. Appendix. In this part can be found, some calculations and graphs obtained during this 

research. 
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2. Theoretical Background 
 
The material required for this investigation is the vacuum residue (VR), which is produced via 
liquefaction. The liquefaction produces a bio-oil that contains heavy fractions that will be separated via 
vacuum distillation which has as a final product the vacuum residue (VR) which has been studied as a 
potential thermoplastic. This chapter will show the theoretical basis on which this work is based. 
 

2.1.  Lignocellulosic biomass as a possible feedstock to replace fossil fuels. 
 

Nowadays, the major contributor to greenhouse gases are the fossil fuels, this is due to the society 

mainly depends of these to make the daily activities, by 2018, around 4% of the world`s refined oil were 

used for the production of chemical and plastics, it means that more than 3 million barrels of oil are 

used for this purpose considering that 84 million barrels of oil were produced worldwide. As a 

consequence, alternative sources have been sought to gradually replace this energy source. Many of 

the efforts have focused on plant-based products (lignocellulose Biomass). [9] 

Lignocellulose biomass is composed mainly of cellulose, 40%-60% (semi-Crystalline fibers), 

Hemicellulose 15-30% (Branched copolymer sugars) and lignin, 10-25% (amorphous phenolic 

polymers)[10]. The composition has the variation due to is different in each type of biomass,[11]. These 

three components form the main composition of the plant cell wall. Lignocellulosic material has the 

following characteristics [12]: 

• Renewability: The photosynthesis of the green plants, will not stop, as long as solar radiation 
is present. 

• Richness: The estimation of lignocellulosic resources produced on the earth is approximately 
2X1011 tons per year. 

• Alternative: Is an alternative material for substituting fossil fuels via conversion into liquid and 
gaseous fuels and other chemical products. 

• Cleaning performance: Lignocellulosic resources can reduce emissions of SO2 and CO2. There 
are almost no emissions of SO2 on bio refining process. 

• Degradation: The material derived from the nature, can be degraded or recycled, so the 
amount of wastes will be reduced. 

 

There are different types of thermochemical conversion process for the biomass: Pyrolysis, 

Gasification, combustion, and liquefaction. However, only Pyrolysis and liquefaction produced liquid 

product. On this research, a liquefaction was made due to the production of heavy products is of our 

interest. 
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2.2. Liquefaction 
 

In liquefaction process, biomass is converted into a liquid product through complex reactions (physical 

and chemical). The biomass is broken in small molecules in the presence of heat, pressure and 

solvents,[13]. It partly cracks and deoxygenate the lignocellulose into bio crude than can be upgraded 

to biofuels by conventional oil refining process,[14].Liquefaction take places at temperatures around 

200ºC-400ºC, the temperature is lower than pyrolysis (>700°C) but the pressure is higher than pyrolysis 

(1-5 bar) 50-200 bar, [15]. 

The bio-oil liquefaction has lower oxygen content (6-30%) than the bio-oil produced in pyrolysis (35-

40%). Lower oxygen content in a bio-oil is desirable when is used to produced biofuel.[16] 

Moreover, the heavy products of the bio-oil produced in the liquefaction is higher than the one produced 

by pyrolysis, this heavy fraction (vacuum residue) is of our interests due to can be used to produce as 

a thermoplastic, due to the molecular weight of this fraction is higher than the heavy fraction produced 

on pyrolysis, which means that will have better mechanical properties.[17, 18] 

On the liquefaction process, some conditions have to be taken in account to achieve the highest 

possible yield, such as solvent used, water content, temperature and reaction time. 

 

2.2.1. Solvent and Water Content 
 

The selection of the solvent for the liquefaction process is very important, due to is added to increase 

the liquid yield,[19]. The solvent has to be easily recoverable from the bio crude product, cheap, and 

with low impact on the reactor cost. Moreover the solvent has to have highly boiling points in order to 

avoid high operation pressures, In a previous research was found that Aromatic solvents are more 

effective than aliphatic solvents.[16] 

In a previous research was found that lignocellulosic biomass can be converted directly in bio-oil using 

a phenolic solvent such as guaiacol giving an oil yield around 90% ate 300-350 C without a catalysis, 

moreover the liquefaction was hindered by the formation of heavy components (Molecular weight 

>1000Da) For this reason is a suitable solvent for a liquefaction, [20]. On the other hand, water can be 

used as a solvent, however, the process will lead with higher pressures (250 bar). [16] 

The water content on the biomass is another point to take into account, due to the operation pressure 

increase from 32-56 bar without water to 60-121 bar with water,[16]. For this reason, in this research 

the biomass was dried 24 to 48 hours before of liquefaction process. [16] 
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2.2.2. Influence of temperature and reaction time 
 

In a previous research the effect of the temperature was investigated, and took place in a 9 ml autoclave 

in a temperature range between 250ºC- 400ºC, it was found that between 300ºC-350ºC the conversion 

was almost complete due to the solid yield having the optimum at 300ºC <90%, and after 370ºC, the 

oil yield decrease due to the increasing of solid residue. [20] 

The effect of the reaction time also was measure in a 9 mL autoclave a 45 mL autoclave, having similar 

results. The biomass was not fully converted before 200 s. Increasing in reaction time, leads with a 

higher conversion. However, after three hours, the effects of the yield do not have a big 

significance.[20]. 

2.3. Polymers 
 

Polymers can be defined as a macromolecule, which are composed for one or more chemical units 

called “monomers” that are repeated along the all chain [21]. They can be classified in many ways on 

of them is the classification by Natural polymers (Cellulose, starch, rubber, proteins) and synthetic 

polymers such as polyethylene, and “Bakelite” [22]. Another classification is based on their thermal 

properties. From this classification two types of plastics can be described, the thermoplastic and 

thermoset materials [22]. Thermoplastics can suffer modification and get molten when the temperatures 

increase, the final shape and the final internal structure occurs when the thermoplastic is cooled down 

[23], this is related with the internal structure of the molecule which is linear and does not have a strong 

intermolecular force. During the curing process of the thermoplastic no chemical bonding takes place, 

which makes it malleable and can be heated and re-heated as much as is needed. Due to this 

characteristic, the thermoplastic can be recycled,[24]. On another hand, thermosets have a high cross-

linked structure (creating 3D network) [25], and chemical bounding is presented, this material cannot 

be heated and reheated as a thermoplastic, because after initial heat treatment the physical and 

chemical properties are set, and will not change with an excess of heat or exposure, [26] as a 

consequence they cannot be recycled . 

 

2.3.1. Polymers Properties 
 

The properties of the polymers depend mostly on molecular weight (the length of individual chain) and 

its distribution, for this reason the mechanical properties of low molecular weight differs from the ones 

of high molecular weight. For example, the one with low molecular weight present really low or no 

strength at all, while the one with high molecular weight has better mechanical properties. Most of the 

polymers have high molecular weight, >10,000 Da. [27] 

For this reason, the polymer can be characterized based on two factors. Weight average molecular 

weight (Mw) and number average molecular weight (Mn).  
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• Number average molecular weight (Mn): Is the average based on the number of polymers 

chains in a sample. The equation is defined as follow:  

𝑀𝑛 =  𝛴𝑖=1
𝑁 𝑋𝑖𝑀𝑊𝑖 

Where 𝑀𝑊𝑖 refers to the molecular weight of each polymer and 𝑋𝑖 Is the mole fraction of each 

chain length, [28]. The physical (Temperature, viscosity) and mechanical properties (strength, 

stiffness, and toughness)[29], of the polymer depend of this characteristic, and they have direct 

proportion, lower molecular weight, lower transition temperature, viscosity and mechanical 

properties. 

• Weight average molecular weight (Mw): Is the mass of individual chains, which makes a 

contribution for the overall molecular weight. Instead of taking only the numbers, Mw takes inf 

account the molecular size. A property which is related to this characteristic is the light 

scatter𝑀𝑤 = 𝛴𝑖=1
𝑁 𝑤𝑖𝑀𝑊𝑖  

Where 𝑤𝑖 is the molecular weight of polymer chain, having a molecular weight, [28].  

 

Molecular Weight has a lot of effect in mechanical properties such as following ones, [30]: 

o Higher molecular weight increases how much the material can stretch, due to the 

material has higher degree of entanglement and this allows it to be pulled before the 

chain breaks. 

o Higher Molecular weight increases the impact of the resistance. It means that more 

bond needs to be broken, so the material can absorb more energy. 

 

2.3.2. Glass Transition and Softening Point 
 

The glass transition temperature is a property of the polymers, when the polymer is cooled down below 

this temperature becomes hard and brittle. 

Polymers do not have a single well-defined melting point. When a polymer "melts" it slowly becomes 

"leathery," then "tacky," and then liquid over a fairly broad temperature range. The crystalline portion 

of the polymer has a distribution of a large number of crystallites of different sizes and in different 

environments. They all do not melt at exactly the same temperature. [31, 32] 

 

2.3.3. Mechanical Properties 
 

There are some mechanical properties that have to be taken in account or the most common ones in 

polymers, such as Tensile Strength, Strain, Young`s Modulus, finally the stress and strain diagrams. 
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2.3.4. Tensile Strength and strain 

 

A tensile test is the most common method to characterize the polymer properties. A sample that can 

be seen on the figure below, is placed between clamps, one of the clamps is fixed, while the other one 

is moved with a constant speed. The elongation and the force applied to the sample is measured. 

 

Figure 2. Schematic representation of a sample piece. 

 

The stress is the internal resistance, or counterforce, of a material to distorting effects of an external 

force or load. The stress can be defined the load per unit of area and is has MPa Units (N/mm2). [33] 

𝑆𝑡𝑟𝑒𝑠𝑠 =  =
𝐹

𝐴
 

Strain. - Is defined as “deformation of solid due to the stress”. Can be defined with the following 

equation. 

𝑆𝑡𝑟𝑎𝑖𝑛 =  =
𝑑𝐿

𝐿0
 

Where dL is the change of length and 𝐿0 is the initial length. [34] 

 

• Stress-Strain behavior 

 

Polymers present a range of stress and strain behavior, as can be seen in the figure below. The red 

curve represents a brittle polymer and elastically deforms and fractures before deforming plastically. 

The blue curve represents a plastic polymer, where typically there is a peak stress identified as a yield 

stress, the material got broken when the material is pulled further. The green curve is an elastomer 

behavior, where presents a rubber-like behavior, and will return to its original shape, unless they are 

extended to the fracture point.[35] 
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Figure 3. Stress-Strain behaviour of polymers .[36] 

 

The tensile strength is the stress that the sample needs to get broken. In other word is the stress that 

the sample can withstand until it breaks. The strain at break is the elongation of the sample just before 

it breaks.[37]. The Yield point as can be seen is the point of linear- elastic plastic behavior, after that 

becomes permanently plastic. [38] In the graph below, a stress-strain diagram can be seen. 

 

Figure 4. Stress-Strain curve .[39] 

 

The relation between stress-strain of the material is the Young´s module, the stress divided by the 

strain during the elastic stage is the modulus of Young, which is a measure of the Stiffness in the 

material. [40] 

Hence a material with higher Young´s Modulus is more elastic than a material with a lower young´s 

modulus. [41] 
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2.4. Biopolymer based on lignin 
 

A lot of efforts have been made in order to develop more biopolymers in order to decrease the 

environmental impact of polymers, for that reason companies have started the production of this type 

of material. One example of this material is the one made from TECNARO-The Biopolymer Company.  

The product called ARBOFORM is made from 100% renewable raw material and is biodegradable. 

The material contains Lignin, which is second only to cellulose as the most abundant natural polymer. 

The product is a Thermoplastic material, and is reinforced with fibers that can be, hemp, flax, and wood, 

and the mechanical properties of the plastic depend mostly on the fiber content. The main application 

of this thermoplastic is on slab, musical instruments, toys, etc. [42] 

The mechanical properties of this material are the following ones. 

 

Table 1. Mechanical Properties of ARBOFORM material [43]. 

 

Property Value Unit 

Density 1.31 g/cm3 

Strain at Break .3-1.4 % 

Stress at Break 15-58 MPa 

Young´s Modulus 5500-6000 MPa 

Glass Transition Temperature 69 ºC 

Melting Point 176 ºC 
 

2.4.1. Wood for reinforcing thermoplastics 
 

As a part of the main objective of this research, the thermoplastic produced will be reinforced with wood 

in order to improve its mechanical properties. In the following chapter will be found a brief description 

of mechanical properties of the wood. 

Wood plastic composites from bio-based polymers and wood fibers provided a sustainable advantage 

and carbon footprint compares to conventional composites. Wood is considered a low-cost and more 

environmentally friendly raw material. Nowadays wood is used for reinforcing materials, due to this, in 

the next part of this chapter, some characteristics of the wood will be explained. [44] 

 

2.4.2. Mechanical Properties 
 

Wood is known for their unique characteristics and is one of the best know structural material. In 

addition, wood is a really versatile material due to it has a wide range of physical and mechanical 

properties. One of the main properties that the wood has is the resist to the load that depends on 

different factors, such as moisture, type of wood, but mainly on the grain direction. 
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2.4.2.1. Orthotropic Nature 

 

The mechanical properties depend mainly on the direction of the grain, this is because, the cellular 

structure of the wood and the physical organization of the cellulose organization on the wall (Figure 5).  

 

Figure 5. Structure of wood [45]. 

 

For this reason, wood is considered an Orthotropic material, this means that its properties (mechanical 

and thermic) are unique depending on three directions, longitudinal (parallel to the grain or the 

cylindrical trunk of the tree), tangential (Perpendicular to the grain) and radial to the grain which is 

normal to the grain. On the following Figure schematically the direction of the wood. [46] 

 

Figure 6. Three directions of wood [47]. 

 

The mechanical properties such as tensile Strength and Strain increase when the load is applied 

parallel to the grain, due to the fiber of the wood are oriented in a such way that can resist the stress, 

and when the load is applied perpendicular to the fiber the widths that are shorter to the length of the 

fiber can resist less load. [48] 

On the following graph, can be seen the strength and strain in different direction, the tensile strength 

for pine (material used on this research) parallel to the grain is in a range between 50 and 100 MPa, 

and the strain is in a range of 2%-3%, when is perpendicular to the grain (across the grain) the 

mechanical properties decrease, tensile strength is a range between 4MPa -10MPa, and the strain can 

be found in a range of <1% and 2%. [49] 
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Figure 7. Mechanical properties of wood [49]. 

 

2.4.3. Wood Composites 
 

Wood Composites are commonly known as wood plastic composites (WPC) and is composed for wood 

fiber recovered for cellulose based fiber and plastic wastes. Regularly the powders mixed in an extruder 

to obtain the desirable shape. [50] 

The main application for these composites is in the areas such as food packing, toys, automotive etc. 

The range of fibers and fillers are introducing in a range of weight percentage, 30-70% in the polymer, 

however some improvements are investigated to have higher loads. Nowadays the weight percentage 

in WPC most currently used is 70%. [51] 

The production of WPC and bio-based has increased over time, however there is much work to do 

ahead. Therefore, in the following chapter the current situation of bio-based products will be developed, 

in order to carry out an analysis for the possible positioning of bio-plastic developed during this 

investment. 
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3. Experimental Work (Materials and Methods) 
 

3.1. Materials 
 

Pine wood was obtained from Rettenmaier & Söhne GmbH (Germany). The wood was dried at 105°C 

for 24 hours. The solvent, guaiacol was supplied by Sigma Aldrich with a purity of >98%. This wood 

was used to produce de Liquefaction oil and for reinforcing the thermoplastic.  Part of thermoplastic 

material produced during 2018. This material was reinforced with wood fibers to measure its 

mechanical properties. 

 

3.2. Methodology 
 

3.2.1. Production of the vacuum Residue 
 

3.2.1.1. Liquefaction  

 

In order to produce the Bio-oil via liquefaction, the equipment used was a 5L autoclave located in a 

High-pressure Box for security reason, located on The High-Pressure Lab. For security reasons only 

is allowed to enter to the box when the reactor is at room temperature. The reactor is cooled down by 

natural convection. A rupture disk that breaks at 340 bar is installed, in order to avoid Higher Pressures, 

the reactors has thermocouples to measure the temperature, one is for measure the temperature of 

the liquid inside reactor, the second one beneath the lid in order to measure the gas temperature, the 

third one is located against the heater to measure the temperature of the wall, and the last one to 

measure the alarm temperature.  

For starting the experiment, 2.2 Kg of guaiacol was used among with 0.3 kg of pine wood (this biomass 

was dried before the process) the ratio was 7.3:1. The reactor was pressurized to 10 bar (nitrogen) in 

order to avoid any leak. Was once stable the pressure should be released. To ensure the 

deoxygenation three consecutives pressurizations and depressurizations were done. This procedure 

has to be done when the reactor is cold, due to all the valves are managed from outside of the box. 

The mixture was heated until 300ºC and when the temperature is reached the heater was turned off. 

After that the reactor was cooled down, when the room temperature was reached the reactor was 

depressurized and opened. 

Two runs more were done. After each run the liquid product (bio-oil with guaiacol) was used as a 

solvent. To make this, a part of the liquid was removed (0.3 Kg) and 0.3 Kg of biomass was added. 

This procedure was made due to on the previous research was shown that tis help to increase the 
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molecular weight of bio oil. [52] After the runs each bio oil removed was characterized in order to know 

the molecular weight of each bio oil. A Schematic diagram of this set up is shown in the Figure 8 and 

a picture in Figure 9 

 

 

 
Figure 8. Liquefaction set-up [43]. 
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Figure 9. Liquefaction set-up 

 

3.2.1.2. Filtration and Vacuum Distillation  

 

Some of material produced in the 2018 research filtrated in order to remove solids, for this part of the 

research 250 ml of Acetone was used in order to dissolve 41.5 Grams, in order to produce a 

composite, which contains less solids due to filtration. 

For the oil produced during this research a filtration of two third parts of the oil, in order to remove the 

solids. After that a vacuum distillation was run. The vacuum distillation Set up can be seen in the 

Figure 10. 

After the oil filtration two vacuum distillation were done in order to obtain two different vacuum residues, 

the filtered one with less Solids and the one that was no filtrated. 

The liquefaction oil contained water and solvent. For this procedure the first step was an atmospheric 

distillation, in order to remove the lights components, the ones with  low Boiling point. For the oil filtrated 

the temperature reached on the bottom was 149ºC and the temperature on the top was 100ºC, when 

no more distillate was observed, a vacuum distillate started. On the vacuum distillate the pressure was 

slowly decreased until 30 mbar, and the bottom temperature was increased until 180ºC and top 

temperature increases at 110ºC. After no more distillate observed, the distillation was turned off and 

the vacuum residue was removed. During this part, was observed that the vacuum residue started to 

become solid around 125 ºC.  

For the second Distillation the procedure was the same. However, the temperature reached for the 

atmospheric distillation was 149 ºC at the bottom and top temperature 90ºC. After observed no more 

distillate the vacuum distillation started. The pressure was decreased until 25 mbar and the bottom 

temperature reached was of 168ºC and top temperature was 110ºC. After no distillate observed the 
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vacuum residue was removed. On this step, was observed that the vacuum residue started to become 

solid at 120 ºC. 

1. 2L Round bottom flask 
2. Electrical Heater 
3. 1L Round bottom flask 
4. Water cooler 
5. Top Temperature Indicator 
6. Bottom temperature thermocouple 
7. Pressure Indicator 
8. Vacuum Distillation Connection 
9. Vacuum Pump 
10. Stirrer 

 

 

 

Figure 10. Distillation set-up 
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3.2.1.3. Characterization 

 

A Gel permeation chromatography (GPC) was done for each  liquefaction oil in order to obtain the 

molecular weight of the oil and the vacuum residue and after the vacuum distillation the equipment 

used is a 1200 series with VWD and RID from Agilent Technologies, in order to see the distribution of 

the vacuum residue and its molecular weight. This procedure was done dissolving around 40 mg of 

sample in a 4 ml of tetrahydrofuran (THF) and then filtered through a 0.2μm syringe filter. 

The elemental composition was determine by an elemental analyzer. The equipment used is a flash 

2000  interscience, the amount of carbon, nitrogen, and Hydrogen, is measure and the oxygen content 

was calculated by difference a sample around 10 mg was required.  

The density of the vacuum residue was measured using a graduated cylinder. Looking at the change 

of volume of water when a known mass of the sample is added to the cylinder. 

 

3.2.2. Production of composites 

 

For this part two types of vacuum residue (VR) were used. The first one that was produced by a Master 

Student during her Master’s Thesis in 2018[53], this VR will be referred as a previously produced 

material. Initial experiments with the previously produced material were investigated in order to know if 

was possible to produce a composite with the vacuum residue reinforced with pine wood fibers. Part of 

this material was filtered as was mentioned before and later reinforced with fiber fractions of pine wood 

with size of 0.7 mm to 2 mm 10, 20, 30 %wt. and the other part was left non-filtered in order to know if 

is possible to get a sample filtered without reinforcing. The Composites produced with the new material 

were reinforced with fiber content 20, 30, 40 %wt. 

3.2.2.1. Mixing process 

 

A 30 CC Brabender (mixer) was used to mix the vacuum residue with the pine wood fiber in order to 

produce the reinforced composites, in this case the density of the vacuum residue, density of wood 

were taken in account in order to know how much quantity of both material is needed to make the 

mixture. A fill factor of .7 was used, in order to avoid some kind of  spill.  

For the previously produced material the mixing conditions are the following ones:  

• Mixing Temperature: 150 ºC  (above of the softening point of the previously produced material 

(130 ºC)  

• 40 Revolution per minute (rpm): This speed was the highest speed that this brabender could 

reach. 
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• Time: 6 minutes. The time was fixed until the vacuum residue and the pine wood was 

completely mixed. 

 

Figure 11 Brabender (mixer) use to mix the previously produced material with pine wood. 

 

A second 30 CC Brabender (mixer) was used to mix the vacuum residue with the pine wood fiber in 

order to produce the reinforced composites. However, for the new material produced during this 

research the mixing conditions are the following ones:  

• Mixing Temperature: 150 ºC  (above of the softening point that was observed after the vacuum 

distillation process, the temperature of the vacuum residue was between 120 ºC and 125 ºC 

• 100 Revolution per minute (rpm): This speed was fixed due to with the previous mixer was not 

enough to have a homogeneous mixture. 

• Time: 6 minutes, this time was until the vacuum residue and the pine wood was completely 

mixed. 

 

Figure 12 Brabender used for mixing the new vacuum residue with pine wood. 
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3.2.2.2. Compression Molding 

 

After the mixing process,  the reinforced material made with the previously produced material was dried  

during 24 hour and the new material was dried 48 hours before the compression molding in order to 

remove the water content. 

The test pieces were produced by using a Fontijne table press. The mold used for this research to 

produce a sample pieces has the following characteristics: 100 mm long, 10 mm wide and 4mm thick. 

(Figure 13). 

 

Figure 13 Schematic view of the mold. [53] 

 

The mold was first coated with a released agent (Marbocote 227CEE), in order to remove easily the 

test pieces. The package consists in two metals plates which were coated as well with the release 

agent. Then a foil was placed on the first metal plate and then the mold of the pieces is placed. The 

material was ground to prevent the formation of bubbles during the process. Once the mold is filled, 

another foil is placed and then the metal plate is located on the top. An schematic view of the mold can 

be seen in the Figure 14. 

 

Figure 14 Schematic view of Compression Package [53] 
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Figure 15 Press machine with the compression package inside 

 

• Previously produced material (2018) 
 

To compress the non-filtered and unreinforced material following considerations were taken into 

account: the compression temperature was considered above the softening point (130 ºC)[53] so the 

temperature set was 150 ºC. The pressure set at 30 KN. (the real pressure is 1.56X the pressure, (the 

real pressure is 47 KN). Once the temperature is reached, the temperature kept constant for 15 minutes 

prior cooling. After the samples were removed out of the press were removed, it was observed that the 

material was almost completely out of the mold, so a lower temperature and a slightly higher pressure 

were set. The final conditions for the filtered sample were: 131ºC and 33 KN of pressure. 

For the reinforced samples (10%, 20%, 30% %wt) the temperature was set at 165ºC and the pressure 

was set at 33KN. 

 

• New produced material (2018) 
 

For the samples blanc (the vacuum residue sample that do not contained pine wood as a reinforced 

material): filtered and non-filtered material the temperature was set at 140 ºC, above of the softening 

point that was observed after vacuum distillation (~120, 125 ºC) and the pressure was set at 33 KN. 

For the reinforced samples (20%, 30%, 40% %wt) the temperature was set at 165ºC and the pressure 

was set at 33KN. Once the temperature is reached, the temperature kept constant for 15 minutes prior 

cooling. 
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3.2.2.3. Tensile Test 

 

The Tensile test was done in a Zwick-roell Z5.0, Figure 16. A Wedge grips (BL/GRW005K 5kN) ) were 

used, and a constant strain rate of 1.0 mm/min was applied. The width and thickness were measured 

to obtain the tensile strength.  

 

 

Figure 16 Tensile Test Machine. Zwick-Roell Z5.0 

3.2.2.4. Microscopy 

 

A VHX-5000 digital microscope from Keyence was used to visualize the cross-sectional area of the 

samples. In this case. 
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4. Results and Discussions 
 

4.1. Liquefaction 
 

As can be seen in Table 1. A total of 2146.7 Grams of guaiacol was and 900 grams of pine wood were 

used to produced 2297.7 grams of final oil. Taking in account that 596.16 grams of the oil was removed 

during each refill, the balance enclosure is 95% the losses in this process are due to gases produced, 

and the remaining product on the reactor that was cleaned after the process. 

Table 2 Liquefaction mass balance 

Added Mass (g) 

Guaiacol 2146.7 

Pine wood 900 

Total 3046.7 

Removed Mass (g) 

Oil during refill 596.16 

Final Oil 2297.7 

Total 2893.86 

Balance Enclosure 95% 

 

As can be seen in the figure below, during the run 2 the temperature was not reached, this was due to 

a problem with the thermocouple, after checked the thermocouple, was changed for the third run. Time 

took for this experiment was 4 hours, this was due to increase the last 5 ºC took about one and a half 

hour,  which each run the temperature took more time, this is due to the liquid become more viscous 

with each run. 

 

Figure 17 Liquid Temperature profile 
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On the Figure 18. Is shown the Reactor pressure profile, as can be seen, the pressure increases in 

each run, from 41.01 in run one to 56.35 bar in run 3. The increasing of the pressure is due to the vapor 

was mainly the formation of water during the process. 

 

Figure 18. Reactor Pressure Profile 

 

4.1.3 Gel permeation Chromatography of Liquid Oil 
 

On the Figure 19, can be seen that the solvent content in the oil decreases with each run. 

 

Figure 19 Molecular weight distribution of the liquefaction oil. Decreasing of the oil is shown. 
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In the figure below, can be seen the increase in concentration and molecular weight, the molecular 

weight first oil was 212 g/mol, the second oil refill was 343 g/mol and the third run was 518 g/mol.  

 

Figure 20 Molecular Weight Distribution of the Liq. Oil. the increasing of the molecular weight of oil is shown 

 

4.2. Filtration 
 

In order to remove some solids (char ashes) from the liquid oil filtration of 2/3 of oil was done. This can 

help to improve the fiber /polymer adhesion [54]. The oil filtered was 1532 grams, and the recovery 

after filtration was 1524.1 grams, around 6 grams was the remaining on the filtered paper and around 

2 grams were losses remaining on the equipment. Filtration process is the same equipment that was 

used on the preliminary test. One third of the oil (765.7 grams) was not filtrated in order to compare the 

mechanical properties between these two materials. 

 

4.3. Vacuum Distillation 
 

On a schematic representation and the mass balance of the distillation is presented.Figure 21 
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Figure 21 Vacuum distillation of filtered oil 

 

As can be seen of the 1524.1g after the distillation the vacuum residue recovered was 474.1 grams 

giving a final enclosure of  94%, losses are due to some vacuum residue where remain attached to the 

vessel could not be removed. Both distillation account the 63% of the total oil distillated, the vacuum 

residue recovered account the 31%. The final product can be seen in Figure 22. 

 

Figure 22 Vacuum residue 

 

 

 

 

 

 

 

 



Confidential 
 

35 
 

The figure below shows the mass balance of the vacuum distillation for the non-filtered oil.  

 

Figure 23 Mass balance of Non-filtered Oil. 

 

As can be seen of the 472.9 After the distillation the vacuum residue recovered was 234.4 grams. 

Giving a balance enclosure of 93%. 

 

4.3.1 Gel permeation Chromatography of vacuum residue 
 

The filtered vacuum residue presents a molecular weight of Mw 1380 g/mol number weight-average 

Mn molecular weight is 464 g/mol and the dispersity Mw/Mn is 2.97 this number indicates the 

heterogeneity of the molecular weight.  For the unfiltered one presented a molecular weight of 1360 

g/mol and the Mn is 491 g/mol with a dispersity of 2.77. On the following graph the molecular weight 

distribution compared with the oil is presented.  

 

Figure 24. Molecular weight distribution of the new vacuum residue compared with the liquefaction oil 
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conventional plastics[27]. And as well is lower with the vacuum residue compared with the vacuum 

residue produced in 2018, (1960 g/mol) [53]the differences are due to for this research only three runs 

were done, and on the previous research were performed 6 runs. GPC results show that solvent fraction 

(180<Da) was almost completely removed during the distillation and the heavy fraction are considered 

>1000Da. For the filtered vacuum residue, the vacuum residue has 42% of heavy fractions and 7% of 

the solvent remaining. For the non-Filtered was 42% heavy fractions and of 5% was remaining, the 

solvent fraction after the run 3 was 65%, which is means that decrease considerable after the 

distillation.  

 

4.3.2. Density, Elemental Composition and Softening Point 
 

The density of the vacuum residue produced in 2018 was 1.20 (+/-0.04 g/cm3)[53]. The Value, for the 

filtered vacuum residue is 1.1 g/cm3 and for the unfiltered Vacuum residue 1.05 g/cm3. This difference 

can be due to the small difference on the molecular weight between both vacuum residues, due to the 

density is directly proportional to the molecular weight. 

The elemental composition was done using a flash 2000 for interscience, Shown the amount of carbon, 

nitrogen, and Hydrogen, the Oxygen content was calculated by difference, the results are the following 

one: N content is 5.78%, C content 72.42%, Nitrogen 0.01%, Oxygen content 21.78%. Compare with 

the vacuum for the vacuum residue produced in January 2018, [53]: 76.3% C, 5.7% H, 17.9% O, 0.1 

% N. For the vacuum residue produced in 2016, the composition is 73.8% C, 5.6% H, 20.6% O, 0.6 % 

N. As can be seen The Vacuum residue produced during this research present a less Carbon content 

and little more oxygen content.  

The softening point could not be obtained due to, neither the glass transition temperature due to any 

equipment for this measurement was available due to the vacuum residue contained volatiles, for this 

reason the melting temperature observed during the distillation was the one taken in account for the 

vacuum residue filtered around 125ºC was observed while for the unfiltered one was around 120ºC. In 

addition, on the previous research the vacuum residue, the melting point of the vacuum residue was 

reported as 130ºC with a glass transition temperature 60-65ºC.[53] 

 

4.4. Production Of Composites 
 

4.4.1. Mixing Results 
 

Two 30 cc brabender were used in order to reinforce de composites. The %wt was calculated with the 

theoretical batch size. After the mixture, the vacuum residue was removed from the mixer manually. 

To see an example of the calculation refers to APPENDIX. The results for each run are shown on the 

following table. 
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Table 3 Mixing mass balance for the previously produced material 

10% Grams 20% Grams 30% Grams 

Pine wood 2.2 Pine wood 3.94 Pine wood 5.3 

Vacuum 
Residue 

19.9 Vacuum 
Residue 

15.8 Vacuum 
Residue 

12.4 

Total 22.1 Total 19.74 Total 17.7 

Recovery 10.6 Recovery 11.5 Recovery 11.4 

%* 48% %* 58% %* 64% 

*The recovery was low due to the material was attached to the mixer due to was really sticky. 

 

For the new material produced during this research (filtered and non-filtered) a reinforcement was done. 

The results are the following ones: 

Table 4 Mixing Balance for the new material produced (Filtered) 

20% Grams 30% Grams 40% Grams 

Pine wood 7.45 Pine wood 10.19 Pine wood 12.48 

Vacuum 
Residue 

29.8 
Vacuum 
Residue 

23.77 
Vacuum 
Residue 

18.72 

Total 37.25 Total 33.96 Total 31.2 

Recovery 32.56 Recovery 30.25 Recovery 28.09 

%* 87% %* 89% %* 90% 

*The losses were due to the vacuum residue attached to the mixer. 

Table 5 Mixing balance for the new material produced (Non-Filtered) 

20% Grams 30% Grams 40% Grams 

Pine wood 7.6 Pine wood 10.4 Pine wood 12.71 

Vacuum 
Residue 

30.6 
Vacuum 
Residue 

24.32 
Vacuum 
Residue 

19.06 

Total 38.2 Total 34.72 Total 31.77 

Recovery 32.2 Recovery 30.2 Recovery 27.2 

%* 84% %* 87% %* 86% 

*The losses were due to the vacuum residue attached to the mixer. 

As can be seen, the recovery of the material in the first mixing is very low, less than 70%. This is 

because the material was very sticky, and the mixer used was a bit old, so the surface of the mixer was 

a little damaged so the material was difficult to remove. 

 

4.4.2. Compression Molding and Tensile Test 
 

• Previously produced material 
 

This process was divided in different steps. The first one was to obtain a sample piece using the 

previously produced material that was made during the 2018 research, this material was filtered. After 

the compression molding only one piece of the material could be obtained, due to the material is really 
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brittle. In Figure 25, can be seen the sample obtained after the compression process. The material got 

broken in two parts however, was enough for measuring the tensile properties. 

 

Figure 25 Sample piece obtained from the filtered vacuum residue produced during 2018 research. 

 

The results for the tensile test are the following ones: 

Table 6 Tensile teste results for the Filtered previously produced material 

Sample 
Weight per 

sample (g) 

Tensile Strength 

(Mpa) 
%strain 

Colling down 

rate °C/min 

Young´s 

Modulus 

(MPa) 

Blanc 8.1 0.19 0.30* 0.86 0.147 

*For this test only one measure could be done. 

This sample piece only can be compared with the sample piece produced during 2016 research made 

for a formal Master’s student, due to for paste research a sample piece (blanc) could not be obtained. 

The sample piece (blanc) obtained during 2016 has a tensile strength of 0.41 MPa (+/-0.07) [2] and a 

%strain of 16% (+/-8), higher values compared with the values obtained during this research (0.19 MPa 

and 0.30 % strain). 

For the previously produced material (non-filtered) reinforced samples, the results are the following 

ones. The results and conditions for this part of the research will be present as follows, the temperature 

was fixed on 165ºC and the pressure was fixed at 33 KN. For the tensile strength, a correction was 

done, due to the sample presents some bubbles, the tensile strength was corrected with this bubble’s 

percentage, explain on the microscopy part. 

Table 7. Mechanical properties for the previously produced material (Reinforced and non-Filtered) 

Sample 

 
Weight per 

sample 
(grams) 

Tensile Strength 
(MPa) 

Strain (%) 
% 

Bubbles 
Young`s 

Modulus (MPA) 
Cooling Rate 

(ºC/Min) 

10% 7.9 0.24 (+/-0.036) 0.43 (+/-0.33) 8.37 0.116(+/-0.07) 0.76 

20% 7.4 1.39(+/-0.074) 0.51 (+/-0.002) 1.34 0.35(+/-.02) 0.74 

30% 7.6 0.61 (+/-0.007) 0.41(+/-.002) 15 0.3 (+/-0.22) 0.7 
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As can be seen on the results, the 20% reinforced sample was the highest tensile strength, the results 

expected was that the 30% sample would have higher tensile strength than the others, since the higher 

the percentage of reinforcement, the tensile strength was expected to increase, however this 

unexpected behavior could have been due to the mixing process was not good, due to the RPM was 

really low, part of the wood could remain agglomerated in greater quantity in certain parts of the 

composites and in others not. The Strain has no many variations, this is due to the stress of the wood 

is not high as was mentioned previously was 1%-2%[41]. The effect of fiber content can be seen in the 

Figure 26. Another reason to present a low tensile strength is the arranged of the wood with the matrix. 

The tensile strength of the wood is higher when is parallel to the grain, in this case, the wood is mixed 

without an arrangement as a consequence the tensile strength did not in a big proportion. [46] The 

Young´s modulus shows that the 20% sample is little more rigid than the other ones due to is higher. 

The stress-strain curve can be seen on Figure 27. 

 

 

Figure 26. Effect of Fiber Content 
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Figure 27 Strain-Stress curve for the previously produced material. Where s1: refers to sample 1 and s2 refers to sample 2 
 

• New Material produced 

 

For this part, two types of vacuum residue will be compared the filtered one and non-filtered one, in 

order to see if the solids have some kind of effect on mechanical properties. 

An example of a sample piece (20% filtered) can be seen in the figure below. 

 

Figure 28 20% Sample Filtered Test. 
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The results for the mechanical properties are shown on Table 8 and Table 9. The Stress-Strain 

curves can be found on the APPENDIX. 

Table 8 Mechanical properties of the new produced material (Filtered) 

Sample 

 
Weight per 

sample 
(grams) 

Tensile Strength 
(MPa) 

Strain (%) 
% 

Bubbles 
Young`s 

Modulus (MPA) 
Cooling Rate 

(ºC/Min) 

Blanc* 8.2 0.14 0.51 - 0.03 0.85 

20% 7.8 0.36 (+/-0.17) 0.63 (+/-0.4) 3.9 0.06(+/-0.004) 0.89 

30% 7.6 0.77(+/-0.19) 0.4 (+/-0.07) 3 0.2(+/-0.1) 0.84 

40% 7.7 1.30 (+/-0.16) 1.12(+/-.007) 9 0.09 (+/-0.004) 0.85 

 

Table 9 Mechanical properties of the new produced material (Non-Filtered)  

Sample 

 
Weight per 

sample 
(grams) 

Tensile Strength 
(MPa) 

Strain (%) 
% 

Bubbles 
Young`s 

Modulus (MPA) 
Cooling Rate 

(ºC/Min) 

Blanc* 8.5 0.11 0.2 - 0.03 0.8 

20% 7.7 0.19 (+/-0.02) 0.47(+/-0.12) 2.55 0.05(+/-0.01) 0.83 

30% 7.8 0.40(+/-0.06) 0.89 (+/-0.15) 1.34 0.06(+/-0.009) 0.79 

40% 7.5 0.74 (+/-0.05) 1.33(+/-0.15) 4.98 0.04 (+/-0.01) 0.82 

 

The higher values correspond to the Filtered vacuum residue, it means with less solid. This may be 

due to the effect of impurities that prevent a stronger adhesion to the polymer, since the solid interferes 

between the fiber and the polymer. Some research has shown that the treatment of materials to remove 

impurities has had an effect on Tensile strength, increasing it.[54] The strain as well increase with the 

fiber content, however improvements have to be done in order to increasing it. Figure 29, the 

comparison between the two types of material can be seen. 
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Figure 29 Comparison Between the filtered material vs the non-filtered material (effect of solid). Blue points refers to unfiltered material 
and red one to the filtered material. 

 

4.4.3. Microscopy 
 

This Microscopy was used to see the amount of bubbles on the sample, to correct the tensile 

strength. 

 

Figure 30 Cross Sectional Area of the 10%wt sample Previously produced material 

 

As can be seen some bubbles or holes are presented, due to the cut is not regular a estimation, for all 

cross sectional area was made, the cut during the tensile test was not regular, the pieces taken under 
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the microscope are only a small part of the transversal area. To estimate the bubbles an estimate was 

made of the bubbles throughout the area according to the images taken. An example of the estimation 

of bubbles can be seen in the APPENDIX. 

Table 10  % bubbles of the composites produced with the previously produce material 

Sample 
% 

Bubbles 

10% 8.37 

20% 1.34 

30% 15 
 

Table 11 % bubbles of the composites produced with the new produce material (filtered) 

Sample 
% 

Bubbles 

10% 3.9 

20% 3 

30% 9 

 

Table 12  % bubbles of the composites produced with the new produced material (Non-Filtered) 

Sample 
% 

Bubbles 

10% 2.55 

20% 1.34 

30% 4.98 

 

5. Bio-based products: position of bioplastic in the market 
 

Bio based products are the ones which are derived from biological origin, Partially or wholly. As they 

are derived from biological raw material have less impact on the environment due to, they can help to 

reduce the CO2 emissions, and possess lower toxicity than the conventional products. 

 

o Generation of feedstock  
 

Nowadays, the feedstock from Bio based material, is divided depending on the sources, and used. 

1st Generation: Is the one was the crops and plants are used to produced bioplastic. This generation is 

the most efficient to produce bioplastic because it needs less land to grow and higher yield compared 

with others feedstock. However, this type of feedstock can be criticized due to its competition with food. 

For this reason, the second generation of feedstock is applied. [55] 

2nd Generation: This feedstock is for the crops and plants that are not eligible for food and can be 

wastes from vegetable oils or from harvested trees). Wood is part of this feedstock classification. [55] 

Nowadays, enough food is produced to feed the population, however, one third of it is wasted each 

year. For example, by 2019, the global production capacities 2.11 millions of tones, was amounted and 
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represent 0.79 million hectares, which represents 0.01% of the total agricultural land (4.8 billion of Ha). 

Having an assumption of the continued growth of the bioplastic market, 2.43 million hectares can be 

achieved by 2024, accounting a total of 1.00 million of hectares (.02% of total agricultural land). This 

estimation does not include the increasing of biomass wastes and food share, if this amount is taken 

in account the land use demand of bioplastics will be lower than the one given on the estimation. [3] 

 

Figure 31 Land Use estimation (2019/2024) 

 

Third generation: This generation is derived from algae. The difference between this type of feedstock 

and the others one is that they do not need fertilizer, pesticides herbicides or land and are 

biodegradable in almost 12 weeks in soil and 5 hours in water. [55] 

Is predicted by 2024 2.43 million of bioplastic can be produced, for this reason more biopolymers 

application is developing in the recent years. On the following figure is shown the forecast for the 

growing production capacity by 2024.[3] 
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Figure 32 Global production capacity and Forecast by 2024 [56] 
 

For example, new polymers such as biobased poplypropylene (PP), and Polyhydrozyalkanoates 

(PHA´s) experimented a market grow during 2019 and by 2024 is expected and increasing in 6 times.  

Nowadays, the bioplastics market is increasing and used in different application such as: packing, 

automotive, toys, textiles etc. Being packing the largest market for the application of bioplastics with 

almost 1.14 million tones (53%) of the total bioplastics.[3] 
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Figure 33 Global production capacities by market segment (2019) [57] 

 

Europe is ranked as the highest in the field research and development of bioplastics worldwide, one 

fourth of the global production capacity is located in Europe. However, Asia has the major production 

of bioplastics with 45% of the total. 

Moreover, some policies or treats have been made in order to help the grow of the bioplastics markets, 

for example the EU’s industrial policy that aims to increase the contribution industry by 2020, being the 

bio-based sector a priority of area. The Commissions Bio economy strategy where one of the strategies 

refers to development markets and competitiveness, in bio economy sector such as in bio-based 

products. [58]This, open the pathway for a bio-economy, which refers the production of renewable 

biological resources and the conversion of these waste streams into value added products, such as 

feed, food, bio-based products and bioenergy.[59] 

As can be seen the market for bioplastics is growing opening an opportunity for the production of this 

material, contributing to mitigate the environmental impact and reduce the CO2, the advantages of this 

material are that can be partial or fully recycled or biodegradable. [3] 



Confidential 
 

47 
 

 

 

5.1. Bio based woody bioplastic a step forward for a new market. 
 

New markets for the bioplastics industry are opening motivated to help mitigate environmental impacts 

and supported by policies that are being developed and improved year after year in order to encourage 

companies to transition from conventional plastics to bio -based products. 

During the 13th European Bioplastics Conference in Berlin in 2018, was confirm a continuous grow for 

the bioplastic market, and is predicted to grow by 25% on the following five years. This trend is due to 

the demand in sustainable and bio-based products is increasing over the time. For example, Europe 

accounted the largest market share in the global bio plastic market and is expected to dominate the 

market by the following years.[60]  Nowadays packing bioplastics has the majority of the production 

expecting a production of 2020 814,000 tons.[61] 

By 2018, bioplastics and polymers market are estimated in 6.98 USD billion and is projected to reached 

14.92 USD Billion by 2023. Having a divided market segment: Packing, consumer good, automotive, 

etc. In Europe the country which is leading the bioplastic industry is Germany following by UK and 

France.[62]  

However, this numbers will be reached or not depending of different factors: Favorable government 

policies, Increasing the adoption of renewable products, improvement in scope of bioplastics across 

the industry. For example, France Became the first became the first country to ban single-use food 

service items made from conventional plastics in 2016. As of 2020, all single-use food service items 

should not only be compostable, but also compostable for the home, stimulating new research and 

development for compostable plastics capable of biodegradation at lower temperatures typical of 

smaller residential scale batteries.[61] 

The product developed in this research once defined its use, has a trampoline that will allow its future 

success. Given that the market increase may have 25% depending on the demand for bioplastics and 

availability of raw materials, this material has a very large potential. First of all, this growth will depend 

on a support of solid policies that encourage consumers and producers to focus their attention on this 

type of products. 

For example, The EIP on Raw Materials aims to achieve the transition to a circular economy by 

providing valuable lessons on how to boost recycling and the re-use of materials. This policy applies 

directly to the product since this product is proposed as 100% recyclable, due to the is made with bio-

based material, the solvent added from the production is removed with fractionation techniques such 

as Vacuum distillation. [58]The reinforced of the material is with natural fibers as well, so can be 

recycled what has as a consequence a circular process, where the product will be recycled to give it 

another use. This can help to close the loop and to be the based for a bio-based economy. 
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The plastic is based on lignocellulose, which provides a reduction in the carbon footprint. However, the 

footprint, is not stated in many of life cycles assessment, so the reduction can be explained in terms of 

nature´s biological carbon cycle. This can be explained by growing biomass crops during the yeas to 

be used as a feedstock to produce carbon-based products. The crops liberate CO2 at the end of its life 

cycle of the product after use, then this CO2 will be absorbed by the new crops for the next season. 

The leads to a “Neutral carbon concept” and is defined when the rate of CO2 release to the environment 

is equal to the rate of the fixation during the photosynthesis by the new generation crops. [63] 

 

Figure 34 Proposed scheme for the fully recyclable woody material production and processing [56] 
 

In addition, the material can be consider as a first and second generation of feedstock, as a first 

generation, part of the land can be used for growing crops to produce biomaterials, and will not compete 

with food, due to the land use for food is really vast, moreover, a lot of wasted are produced daily on 

the food industry, that can be used as feedstock, and can be part of the second generation of the 

feedstock. The cost for this raw material is around $50-100 per ton [56]which is based to produce a 

cheap low-cost material. 

As was mentioned, they are now polices and new markets have been developed in order to incentive 

the production and use of bio-based products[58], for this reason, the bioplastics produced during this 

research have an open door to be introduced to the market. Once the plastic properties have improved 

and an application has been found, the possibilities of introducing it to the market are very wide, 

however in the process weaknesses and threats can be found which have to be addressed for the 

success of the product. 

As a general conclusions mentioning the potential will present as follows [64] 

First, the product could help reduce the waste generated in its production and its final disposal since, 

as shown in the figure above, the product at the end of its use can be used as raw material for the 

production of more product. In addition, the wood used may also be pruning waste which is not used 

in any value chain. 
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Using this bio-based product, they also contribute to stop making conventional plastics produced with 

petrochemical materials, reducing dependence on fossil fuels. 

The material contributes to the reduction of CO2, because it is produced and reinforced with wood. The 

crops liberate CO2 at the end of its life cycle of the product after use, will be absorbed by the new crops 

for the next season. 

The market has a forecast of growth during the following years, based on demand, resources and the 

willingness to mitigate the environmental impact. This material is in the right place of development so 

that it occupies a place in the market in the following years, where it will have a support in terms of 

stability policies within the European community 

On the other hand, the material has potential because the demand for bioplastics every day is 

increasing more, so the need to have a Bio-based product increases more which can lead to future 

brands, suppliers and consumers turn to see this product. 

Based on current trends, the material has a broad field to define its application and thereby compete 

within the market. 

In addition, it is a watershed for the Netherlands to climb to high positions in research and development 

of new Bio-based products and thus have a greater contribution within the European Union. 
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6. Conclusions 
 

After the three runs of the liquefaction, an increase in the molecular weight of the oil was observed, 

obtaining an oil with a final molecular weight of 518 g/mol. For both distillations (filtered oil and non-

filtered oil), a significant amount of light components were removed, the amount of solvent for the 

filtered sample after vacuum distillation is 7% and for the non-filtered one is 5% with a molecular weight 

of 1380 g/mol and 1360 g/mol respectively, this small difference may be due to the fact that there is 

less  solids in the filtrate, which increases the Mw of the material. The difference between of them this 

molecular weight is even lower compared with the past research (1960 g/mol[53]), this is due to only 

three runs were done and for the past research 6 were performed.  

 

Regarding to the tensile test, for the material that was produced in the previous investigation, the 20%wt 

reinforced material was more tensile strength (1.39 MPa) than the 30 %wt (0.61 MPa) reinforced 

material it means decrease by 56%. This could be because the sample was not well mixed along the 

polymer matrix causing the reduction of mechanical properties. Although the composites could be 

obtained, the material is still very brittle. 

In order to improve the mechanical properties of the material, in addition to the reinforcement of the 

material with wood fibers, the filtration of the liquefaction oil was investigated to remove the solids and 

know if there is any effect on the mechanical properties. The results shown that the values of the tensile 

strength increase as percentage of wood for reinforcing the material increases, and as well, was 

observed that the filtration of the oil  has an effect over the mechanical properties, mainly in the tensile 

strength, this value increase on the composites that were previously filtrated, for example for the 30 

%wt  was1.75% higher than the non-Filtrated material. 

On previous Research (2016)[2] Bagasse short fibers were used in order to improve the mechanical 

properties the sample was reinforced by 10% wt. reaching 2.5 MPa, this values is higher than the 

values obtained during this research, this could be due to the tensile strength of the bagasse (290 MPa) 

that compared with the wood if is parallel to the grain is 100 MPa. Another reason for this difference is 

the molecular weight of both material, the material produced during 2016 has a molecular weight of 

1783 g/mol, and the material produced during this research has lower molecular weight (1360 and 

1380 g/mol), if the molecular weight increases, the tensile increases as well.  

Once one or different applications for this material have been found, the material has the potential to 

be introduced to the market, policies and many business models are aimed at the development 

and production of this type of products. The great advantage of this product is that it can be 

100% recyclable and can close the circle within an economy, being an imputer of the bio 

economy. This product may contribute to the mitigation of climate change because it is a bio-

based product, which are focused on reducing greenhouse gas emissions, and the reduction 

of waste could decrease considerably. 
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7. Future outlook 
 

The first recommendation is to reinforce the material with percentages by weight above 40% since, a 

tendency of increase is shown as the fiber content increases, as well as more refill so that the molecular 

weight of the oil increases and with that of the vacuum residue. 

Extrusion can be done, in order to have better shape, and easier to reproduce the sample, since it is a 

continuous process. In contrast to compression, which presents some inconvenient research, first, the 

lost material will be greater because the mixing and molding is separate, so that part of the material is 

gradually lost. In addition to remove the pieces of the mold is complicated because the material is very 

brittle, so it tends to break, and the experiment has to be repeated. 



Confidential 
 

54 
 

  



Confidential 
 

55 
 

 

8. References 
 

1. Parker, L. The world's plastic pollution crisis explained. Available from: 
https://www.nationalgeographic.com/environment/habitats/plastic-pollution/. 

2. Tweehuysen, R., Vacuum Residue from biomass liquefaction as a thermoplastic., in Sustainable 
Process Technology. 2016, Univeristy of Twente: Enschede, N.L. 

3. e.v, E.B. Renewable feedstock. 2019 2019; Available from: https://www.european-
bioplastics.org/market/. 

4. Rachna, C. Difference Between Biodegradable and Non-Biodegradable Substances. 2017; Available 
from: https://biodifferences.com/difference-between-biodegradable-and-non-biodegradable-
substances.html. 

5. Statista. Production of plastics worldwide from 1950 to 2018 (in million metric tons)* Available from: 
https://www.statista.com/statistics/282732/global-production-of-plastics-since-1950/. 

6. Europe, P. and EPRO, Plastics, the facts, 2019 An analysis of European plastics production, demand 
and waste data. 

7. Nkwachukwu, O., et al., Focus on potential environmental issues on plastic world towards a sustainable 
plastic recycling in developing countries. International Journal of Industrial Chemistry, 2013. 4. 

8. Commision, E. Reducing CO2 footprint with bio-plastics. 2013; Available from: 
https://cordis.europa.eu/article/id/36082-reducing-co2-footprint-with-bioplastics. 

9. Ahorsu, R., F. Medina, and M. Constanti, Significance and Challenges of Biomass as a Suitable 
Feedstock for Bioenergy and Biochemical Production: A Review. Energies, 2018. 11: p. 3366. 

10. Chen, D., et al., Investigation of biomass torrefaction based on three major components: Hemicellulose, 
cellulose, and lignin. Energy Conversion and Management, 2018. 169: p. 228-237. 

11. Belgacem, N. and A. Gandini, Monomers, Polymers and Composites From Renewable Resources. 
Polymers and Composites from Renewable Resources, 2008. 

12. Chen, H., Lignocellulose Biorefinery Engineering: Principles and Applications. Lignocellulose 
Biorefinery Engineering: Principles and Applications, 2015: p. 1-261. 

13. Hakkı, M., et al., Liquefaction Processes of Biomass for the Production of Valuable Chemicals and 
Biofuels: A Review. 2013. 

14. Lange, J.-P., Lignocellulose Liquefaction to Biocrude: A Tutorial Review. ChemSusChem, 2018. 11. 
15. Zhang, L., C. Xu, and P. Champagne, Overview of recent advances in thermo-chemical conversion of 

biomass. Energy Conversion and Management, 2010. 51(5): p. 969-982. 
16. Rossum, G., et al., Liquefaction of Lignocellulosic Biomass: Solvent, Process Parameter, and Recycle 

Oil Screening. ChemSusChem, 2013. 7. 
17. Castellví Barnés, M., Liquefaction of lignocellulose: bio-crude, char and chemistry of liquefaction, in 

Sustainable Process Tecnology. 2016, University of Twente: Enschede, Netherlands. 
18. D.Callister, W., Jr and G.D. Rethwisch, Material Science and Enginieering: An Introduction, ed. I. John 

Wiley. 2014. 
19. Huang, H. and X.-Z. Yuan, Recent progress in the direct liquefaction of typical biomass. Progress in 

Energy and Combustion Science, 2015. 49. 
20. Kumar, S., et al., Liquefaction of Lignocellulose: Process Parameter Study To Minimize Heavy Ends. 

Industrial & Engineering Chemistry Research, 2014. 53: p. 11668-11676. 
21. Britannica, T.E.o.E. Polymer, Chemistry.  [cited 2019 03-december-2019]; Available from: 

https://www.britannica.com/science/polymer. 
22. Sun, H., L. Guo, and M. Wang, Manufacture of Biomaterials. 2019, Hong Kong: Elservier. 120-125. 
23. Advantech. Thermoset, Thermoplastics and Elastomer: a Primer. 2015  [cited 2019 06-december]; 

Available from: https://advantechplastics.com/thermosets-thermoplastics-elastomers-primer/. 

https://www.nationalgeographic.com/environment/habitats/plastic-pollution/
https://www.european-bioplastics.org/market/
https://www.european-bioplastics.org/market/
https://biodifferences.com/difference-between-biodegradable-and-non-biodegradable-substances.html
https://biodifferences.com/difference-between-biodegradable-and-non-biodegradable-substances.html
https://www.statista.com/statistics/282732/global-production-of-plastics-since-1950/
https://cordis.europa.eu/article/id/36082-reducing-co2-footprint-with-bioplastics
https://www.britannica.com/science/polymer
https://advantechplastics.com/thermosets-thermoplastics-elastomers-primer/


Confidential 
 

56 
 

24. Center, S.C.U.E.D. Thermoplastics.; Available from: 
http://www.dc.engr.scu.edu/cmdoc/dg_doc/develop/material/classify/a1000002.htm. 

25. Marques, A.T., 7 - Fibrous materials reinforced composites production techniques, in Fibrous and 
Composite Materials for Civil Engineering Applications, R. Fangueiro, Editor. 2011, Woodhead 
Publishing. p. 191-215. 

26. Wegmanand, R.F. and J. Twisk, Surface Preparation Techniques for Adhesive Bonding: Second 
Edition. Surface Preparation Techniques for Adhesive Bonding: Second Edition, 2012: p. 1-148. 

27. Jansen, J.A. Plastics-It´s all about molecular strcuture. 2016  ; Available from: 
https://www.madisongroup.com/publications/PE%20Sept%20-%20Consultants%20Corner.pdf. 

28. Wagner, J.J., Multilayer Flexible Packaging: Second Edition. 2016. 1-383. 
29. Shrivastava, A., Introduction to Plastic Engineering. First edition ed. 2018: William Andrew. 262. 
30. POLYMERS, A. Molecular Weight and The effects on Polymer Properties. 2018  [cited 2019 05-

december]; Available from: https://www.amcopolymers.com/resources/blog/molecular-weight-and-its-
effects-on-polymer-properties. 

31. Upstate, U.o.S.C. Polymer Chemistry, Crystal Melting Transition. 2000 July 11, 2000 ; Available from: 
http://faculty.uscupstate.edu/llever/polymer%20resources/Melting.htm. 

32. Learning, P.S. Glass transition. 2020 [cited 2019 05-december]; Available from: 
https://pslc.ws/macrog/tg.htm. 

33. Engineering EDGE, s.b.d. Stress-Strenght (mechanics of materials). 2018  Available from: 
https://www.engineersedge.com/material_science/stress_definition.htm. 

34. Toolbox, T.e. 2005  ; Available from: https://www.engineeringtoolbox.com/stress-strain-d_950.html. 
35. Sciences, P.C.o.E.a.M. and J.S.D.e.-E. Institute. Mechanical Behaviour of Polymers. 2018  ; Available 

from: https://www.e-education.psu.edu/matse81/node/2109. 
36. Sciences, P.S.C.o.E.a.M. Mechanical Behavior of Polymers. Available from: https://www.e-

education.psu.edu/matse81/node/2109. 
37. CENTER, P.s.l. The mening of Mechanical.  ; Available from: https://pslc.ws/macrog/mech.htm. 
38. Akash, P. What is Yield Strength? 2018 17-october-2019 [cited 2019 07-december]; Available from: 

https://www.scienceabc.com/pure-sciences/what-is-yield-definition-strength-steel-aluminum.html. 
39. Campbell, J., et al., Three-dimensional printing and deformation behavior of low-density target 

structures by two-photon polymerization. 2017. 66. 
40. d&t. Young`s Modulus. 2017 21-march-2017; Available from: 

http://wiki.dtonline.org/index.php/Young%27s_Modulus. 
41. cambridge, U.o. Young´s Modulus and Specific Stiffness. 2002 2002; Available from: http://www-

materials.eng.cam.ac.uk/mpsite/properties/non-IE/stiffness.html. 
42. Commission, E. ARBOFROM: Wood based alternative to plastic. 2010 17-june-2010 ; Available from: 

https://ec.europa.eu/environment/ecoap/about-eco-innovation/good-
practices/germany/517_en. 

43. Mijnders, J., Reinforced vacuum Residue from Biomass Liquefaction oil as a thermoplastic, in 
Sustainable process Technology. 2018, University of Twente: Enschede, NL. 

44. Zierdt, P., et al., Sustainable wood-plastic composites from bio-based polyamide 11 and chemically 
modified beech fibers. Sustainable Materials and Technologies, 2015. 6: p. 6-14. 

45. Greil, P., T. Lifka, and A. Kaindl, Biomorphic Cellular Silicon Carbide Ceramics from Wood: I. 
Processing and Microstructure. Journal of the European Ceramic Society, 1998. 18(14): p. 1961-1973. 

46. Tecnology, E.o.M.S.a., Wood Strength and Stiffness, Elservier, Editor. 2001. p. 9732-9736. 
47. Dersch, M., et al., Investigation into the effect of lateral and longitudinal loads on railroad spike stress 

magnitude and location using finite element analysis. Engineering Failure Analysis, 2019. 104: p. 388-
398. 

48. Kulin, R., F. Jiang, and K. Vecchio, Effects of age and loading rate on equine cortical bone failure. 
Journal of the mechanical behavior of biomedical materials, 2011. 4: p. 57-75. 

49. Cambridge, U.o. Material selection and processing. 2019; Available from: http://www-
materials.eng.cam.ac.uk/mpsite/. 

http://www.dc.engr.scu.edu/cmdoc/dg_doc/develop/material/classify/a1000002.htm
https://www.madisongroup.com/publications/PE%20Sept%20-%20Consultants%20Corner.pdf
https://www.amcopolymers.com/resources/blog/molecular-weight-and-its-effects-on-polymer-properties
https://www.amcopolymers.com/resources/blog/molecular-weight-and-its-effects-on-polymer-properties
http://faculty.uscupstate.edu/llever/polymer%20resources/Melting.htm
https://pslc.ws/macrog/tg.htm
https://www.engineersedge.com/material_science/stress_definition.htm
https://www.engineeringtoolbox.com/stress-strain-d_950.html
https://www.e-education.psu.edu/matse81/node/2109
https://www.e-education.psu.edu/matse81/node/2109
https://www.e-education.psu.edu/matse81/node/2109
https://pslc.ws/macrog/mech.htm
https://www.scienceabc.com/pure-sciences/what-is-yield-definition-strength-steel-aluminum.html
http://wiki.dtonline.org/index.php/Young%27s_Modulus
http://www-materials.eng.cam.ac.uk/mpsite/properties/non-IE/stiffness.html
http://www-materials.eng.cam.ac.uk/mpsite/properties/non-IE/stiffness.html
https://ec.europa.eu/environment/ecoap/about-eco-innovation/good-practices/germany/517_en
https://ec.europa.eu/environment/ecoap/about-eco-innovation/good-practices/germany/517_en
http://www-materials.eng.cam.ac.uk/mpsite/
http://www-materials.eng.cam.ac.uk/mpsite/


Confidential 
 

57 
 

50. 7 - Wood reinforced polymer composites, in Tribology of Natural Fiber Polymer Composites, N. Chand 
and M. Fahim, Editors. 2008, Woodhead Publishing. p. 180-196. 

51. Akdogan, A. and A. Vanli, Wood-Reinforced Polymer Composites. 2017. 
52. Tweehuysen, R., Vacuum Residue from biomass liquefaction as a thermoplastic. 2016, University of 

Twente: Enschede, Netherlands. 
53. Nogová, B., Improving Mehcanical Properties of Woody Thermoplastic, in Sustainable Process 

Technology. 2019, University of Twente: Enschece, NL. 
54. Kalia, S., Lignocellulosic Composite Materials. Polymer and Composite Materials. 2018: Springer. 443. 
55. Barret, A. Bioplastic Feedstock 1st, 2nd, 3rd Generations. 2018  [cited 2019 3 december]; Available 

from: https://bioplasticsnews.com/2018/09/12/bioplastic-feedstock-1st-2nd-and-3rd-generations/. 
56. Ruiz, M.P., et al., Fully Recyclable Bio-Based Thermoplastic Materials from Liquefied Wood. 

ChemSusChem, 2019. 12(19): p. 4395-4399. 
57. Bioplastics, E. Bioplastics market data. 2019; Available from: https://www.european-

bioplastics.org/market/. 
58. Commision, E. Bio-based products.  [cited 2019 20 december]; Available from: 

https://ec.europa.eu/growth/sectors/biotechnology/bio-based-products_en. 
59. Biostep. What is Bioeconomy.  [cited 2019 15 december]; Available from: http://www.bio-

step.eu/background/what-is-bioeconomy/. 
60. bioplastics, E. New market data: The positive trend for the bioplastics industry remains stable. 2019  

[cited 2019 05-december]; Available from: https://www.european-bioplastics.org/new-market-data-the-
positive-trend-for-the-bioplastics-industry-remains-stable/. 

61. Charlotte, D. 2020 Bioplastics Market forecast. 2019 ; Available from: https://greenblue.org/2020-
bioplastics-market-forecast/. 

62. Markets, M.a. ioplastics & Biopolymers Market by Type ( Non-biodegradable, Biodegradable), End-use 
Industry (Packaging, Consumer Goods, Automotive, Textiles, Agriculture) and Region (APAC, North 
America, Europe, and RoW) - Trends & Forecast to 2023.  [cited 2020 07 january]; Available from: 
https://www.marketsandmarkets.com/Market-Reports/biopolymers-bioplastics-market-
88795240.html?gclid=Cj0KCQiA9dDwBRC9ARIsABbedBOOyr0f8HbOHb46ZHheD0uWzLL9a1L0sZ
VcOwKYQ34aMZsXm1aJZ-YaApMjEALw_wcB. 

63. Ashter, S.A., 9 - Safety, Recycling and Environmental Issues of Thermoforming and its Products, in 
Thermoforming of Single and Multilayer Laminates, S.A. Ashter, Editor. 2014, William Andrew 
Publishing: Oxford. p. 211-228. 

64. Matsura, E., Y. Yan, and H. Xianxuan, Sustainability opprtunities and Challenges of Bioplastics, in 
School of Engineering. 2008, Blekinge Institute of Technology Karlskrona, Swedn. p. 62. 

65. Mitchell, J., Density of wood in kg/m3, g/cm3, lb/ft3 – the ultimate guide. 2018. 

  

https://bioplasticsnews.com/2018/09/12/bioplastic-feedstock-1st-2nd-and-3rd-generations/
https://www.european-bioplastics.org/market/
https://www.european-bioplastics.org/market/
https://ec.europa.eu/growth/sectors/biotechnology/bio-based-products_en
http://www.bio-step.eu/background/what-is-bioeconomy/
http://www.bio-step.eu/background/what-is-bioeconomy/
https://www.european-bioplastics.org/new-market-data-the-positive-trend-for-the-bioplastics-industry-remains-stable/
https://www.european-bioplastics.org/new-market-data-the-positive-trend-for-the-bioplastics-industry-remains-stable/
https://greenblue.org/2020-bioplastics-market-forecast/
https://greenblue.org/2020-bioplastics-market-forecast/
https://www.marketsandmarkets.com/Market-Reports/biopolymers-bioplastics-market-88795240.html?gclid=Cj0KCQiA9dDwBRC9ARIsABbedBOOyr0f8HbOHb46ZHheD0uWzLL9a1L0sZVcOwKYQ34aMZsXm1aJZ-YaApMjEALw_wcB
https://www.marketsandmarkets.com/Market-Reports/biopolymers-bioplastics-market-88795240.html?gclid=Cj0KCQiA9dDwBRC9ARIsABbedBOOyr0f8HbOHb46ZHheD0uWzLL9a1L0sZVcOwKYQ34aMZsXm1aJZ-YaApMjEALw_wcB
https://www.marketsandmarkets.com/Market-Reports/biopolymers-bioplastics-market-88795240.html?gclid=Cj0KCQiA9dDwBRC9ARIsABbedBOOyr0f8HbOHb46ZHheD0uWzLL9a1L0sZVcOwKYQ34aMZsXm1aJZ-YaApMjEALw_wcB
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9. APPENDIX 
 

• Example of calculation for the Mixture based on 100 grams 
 

For calculation the amount of Wood and vacuum residue for the mixtures the following considerations 

were done: 

Density of vacuum residue: 1.2 g/cm3 

Density pine Wood: 0.5 g/cm3 [65] 

Fill Factor=70% (in order to avoid spill of the mixture) 

Example for 10% 

%𝑤𝑡 = 𝐹𝑖𝑙𝑙 𝑓𝑎𝑐𝑡𝑜𝑟 ∗ 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑚𝑖𝑥𝑡𝑢𝑟𝑒 ∗ 𝑣𝑜𝑙𝑢𝑚𝑒𝑛 𝑜𝑓 𝑚𝑖𝑥𝑒𝑟 

%𝑤𝑡 = .7 ∗ 1.05
𝑔

𝑐𝑚3
∗ 30 𝑐𝑚3 = 22.10𝑔 

𝑣𝑜𝑙𝑢𝑚𝑒𝑛 𝑜𝑓 𝑝𝑖𝑛𝑒 𝑤𝑜𝑜𝑑 =
𝐷𝑒𝑛𝑠𝑖𝑡𝑦

𝑚𝑎𝑠𝑠
=

. 05
𝑔

𝑐𝑚3
10𝑔𝑟𝑎𝑚𝑠

= 20𝑐𝑚3 

𝑣𝑜𝑙𝑢𝑚𝑒𝑛 𝑜𝑓 𝑝𝑖𝑛𝑒 𝑤𝑜𝑜𝑑 =
𝐷𝑒𝑛𝑠𝑖𝑡𝑦

𝑚𝑎𝑠𝑠
=

1.2
𝑔

𝑐𝑚3
90𝑔𝑟𝑎𝑚𝑠

= 75 𝑐𝑚3 

Volumen related with batch size based on 100 grams 

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑝𝑖𝑛𝑒 𝑤𝑜𝑜𝑑 = 𝑉𝑜𝑙𝑢𝑚𝑒𝑛 𝑜𝑓 𝑝𝑖𝑛𝑒 𝑤𝑜𝑜𝑑 ∗
𝑏𝑎𝑡𝑐ℎ𝑠𝑖𝑧𝑒

100
∗ 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = 2.2 𝑔𝑟𝑎𝑚𝑠 

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑝𝑖𝑛𝑒 𝑤𝑜𝑜𝑑 = 𝑉𝑜𝑙𝑢𝑚𝑒𝑛 𝑜𝑓 𝑣𝑎𝑐𝑢𝑢𝑚 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 ∗
𝑏𝑎𝑡𝑐ℎ𝑠𝑖𝑧𝑒

100
∗ 𝑑𝑒𝑛𝑠𝑖𝑡𝑦

= 19.89 𝑔𝑟𝑎𝑚𝑠 

 

• Microscopy 
 

In the pieces the cut was not symmetrical, which means that it had irregular edges, so at the time of 

performing the microscopy only a part of the transverse area was seen in the microscope, for this 

reason, an estimation of the bubbles was made presented in this view for the entire transverse area. 
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Estimation of area of bubbles.  

 

Total area: 40 000 000 𝑚2 

 

𝐴𝑟𝑒𝑎 𝑜𝑓 𝐵𝑢𝑏𝑏𝑙𝑒𝑠 =  𝐴𝐵 = 


4
𝐷2 

𝐴𝐵 = 


4
(1132 + 722 + 1242 + 1182 + 1192 + 682 + 1712 + 1342+342 + 2152 +

812 + 492 + 892 + 322+412+402 + 1802 + 852 + 1832 + 1162 + 802 + 1352 + 562) 

𝑚2 

 

Having a microscope area (7 573 419 𝑚2) the ratio to obtain the area of 40 000 000 𝑚2 is 5.28 

 

Total area 1249120.32𝑚2/ 40 000 000 𝑚2= 3.12% 
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