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Bio-oil is a the liquid phase obtained from the pyrolysis of biomass. The composition and amount of bio-oil

generated depend not only on the type of the biomass but also on the conditions under which pyrolysis is

performed. Most fossil fuels can be replaced by bio-oil-derived products. Thus, bio-oil can be used directly or co-

fed along with fossil fuels in boilers, transformed into fuel for car engines by hydrodeoxygenation or even used as a

more suitable source for hydrogen production than biomass. On the other hand, due to its rich composition in

compounds resulting from the pyrolysis of cellulose, hemicellulose and lignin, bio-oil co-acts as a source of various

value-added chemicals such as aromatic compounds.

biofuels  bio-oil  renewable fuel

1. Biofuels: The Search for Alternative Fuels for
Transportation

Fossil fuels are still the main energy source worldwide; their overexploitation is resulting in their depletion and

increases in global warming . With the increase in energy demand, the price of fossil fuels is also increasing, as

their supply is dominated by a few Middle Eastern countries. According to the International Energy Agency report,

the energy demand in Asia (the most populated continent) will increase by 76% by 2030 .

Dependence on imported fossil fuels thus poses a serious threat to the energy security and economic stability of all

countries as the world is expected to run out of petroleum in the next 50 years . Due to these limited reserves of

conventional fossil fuels and their negative impact on global climate and human health, much research is focused

on the search for alternative energy sources. Along with other energy resources, such as solar, wind, hydroelectric,

and nuclear energy, biodiesel can help reduce fossil fuel dependence. Biodiesel is a non-toxic renewable energy

source that is gaining attention globally due to its direct applicability in preexisting engines without any modification,

since its properties are similar to those of conventional diesel fuel.

Biodiesel is a renewable biofuel free of sulphur and polycyclic aromatic compounds, which are major advantages.

Brazil, USA, Malaysia, Argentina, Spain, Belgium and Germany are among the top producers, meeting 80% of the

biodiesel demand . Blending, thermal cracking, micro-emulsification and transesterification are four basic

approaches for production of biodiesel . Among them, transesterification is the most commonly used method

at the industrial scale due to less expensive operation and high product yield.
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The availability of various oil resources (edible, non-edible and waste cooking oils) has been discussed elsewhere

, along with the advancements in technology related to oil extraction. Palm oil and waste cooking oils are the

main raw materials used nowadays for biodiesel production. Jatropha curcas oil (non-edible oil) is also regarded as

a potential alternative to these raw materials . Despite some drawbacks, such as poorer oxidation stability due to

the high amount of unsaturated fatty acids, the high availability of oxygen in jatropha biodiesel reduces

hydrocarbons, CO and particulate matter emissions. The comprehensive assessment of the performance and

emissions of compression ignition engines operated on jatropha biodiesel and its blends can be found elsewhere 

. On the other hand, the lower calorific value of jatropha biodiesel is responsible for a decrease in brake thermal

efficiency and an increase in brake specific fuel consumption .

Various technologies, from the laboratory scale to industrial production, have been developed and many facilities

have been established for biodiesel production using various feedstocks . Thus, various innovative process

intensification technologies (biological reactors, microreactors, membrane reactors, oscillatory flow reactors,

microwave reactors, reactive distillation, centrifugal contractors, etc.) can be found in the literature . On

the other hand, the use of bio-based technologies in biodiesel production is regarded as advantageous as these

methods generate less waste and are considered ecofriendly. To be specific, bio-based methods, such as those

using immobilized enzymes and heterogeneous catalysts derived from biomass, have been reported to efficiently

catalyze the transesterification reaction for biodiesel production . The use of bio-oils as a source of biodiesel

is still in its infancy. Nevertheless, it could represent a potential alternative for lignocellulose residues without any

current feasible application.

2. Agrifood Industry Waste

Forestry and agricultural residues represent the typical lignocellulose raw material, these being the most plentiful

sources of biomass in the world, generating around 200 billion tons per year . For this reason, it is essential to

develop new technologies to treat this biomass; otherwise, its accumulation as waste would affect the environment.

Production of biofuels has already reached commercial scale. However, the industrial production costs of those

biofuels, such as bioethanol, are still high, so they have to be cut down. Wood and straw were widely used as

household fuels until charcoal began to replace wood from the beginning of the 20th century. Currently, the typical

uses of lignocellulose at the commercial scale are syngas production by gasification and electricity generation.

In the last few decades, the use of lignocellulose biomass as a raw material for energy production, as well for

materials for energy storage, has gained interest among researchers. Another important reason for the use of

biomass is based on its renewability together with the reduction of the net carbon dioxide emission and wide

distribution and availability. The major chemical components of lignocellulose biomass are cellulose,

hemicelluloses and lignin. All of them have shown great potential as raw materials for energy generation . For

instance, cellulose can be described as a long-chain homopolymer consisting of D-glucose units with cellobiose as

a repeating unit. Therefore, cellulose which can be fermented into bioethanol  plays the main role in the

production of biofuels from biomass.
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A huge variety of enforcements have been implemented for functional materials derived from lignocellulose .

Hemicelluloses are known to be a group of polysaccharides consisting of short-branched chains. Hemicelluloses

are also essential for the production of biofuels because they can represent up to 35% of the weight of biomass on

a dry basis . To be specific, the production of bioethanol from hemicellulose-rich biomasses, such as olive

stones and olive tree-pruning residues, requires the use of non-conventional yeasts capable of fermenting not only

D-glucose, but also pentoses (mainly D-xylose) . Lignin has received less attention than the other

lignocellulose constituents in biofuels production due to its composition, which is mainly based on aromatic

compounds. Nevertheless, the modifications assayed in recent years to alter lignin structure have increased the

interest in producing carbon materials for super capacitors or energy-storage materials from lignin .

Thermochemical conversion is a very important method when converting biomass into energy and fuels.

Thermochemical conversion could be defined as the controlled heating or oxidation of raw materials, generating

heat and energy products. This includes a wide range of techniques, including pyrolysis, liquefaction, gasification

and combustion. Among all the thermochemical conversion techniques, the differences among them are based on

their oxidation range and temperature .

Pyrolysis is a process of thermal decomposition of biomass that is carried out in the absence of oxygen, using

instead inert atmospheres (e.g., argon or nitrogen). It is an endothermic process, so the products generated

through this process have high energy content. The products generated in the pyrolysis are very heterogeneous

and are mainly composed of volatile products (synthesis gas or syngas), a liquid fraction (bio-oil) and a solid

carbonized waste (biochar). In turn, syngas consists of a mixture of CO and H  (along with other compounds such

as CO , CH , C H , C H  and H O) .

Another thermal pretreatment is torrefaction, which is characterized by being carried out at a low temperature

(200–300 °C) and is designed to remove water and other volatile compounds . With this procedure, a solid

product is obtained with a lower oxygen content and a higher energy density than the original raw material.

Torrefaction begins when the temperature reaches 200 °C, and ends when the temperature drops below 200 °C,

utilizing a very short heating time. It could be considered a softer version of pyrolysis, as well as being less

destructive structurally as a carbonization method . The main gases produced by gasification are CO, H ,

CH  and CO . Compared to pyrolysis, the final products obtained from torrefaction require less post-treatment to

use them.

When the process is carried out under air, which is a reactive atmosphere, complete gasification occurs at higher

temperatures (500 °C), resulting in the formation of gaseous fuel and a solid residue (ash). High temperatures

inhibit the formation and condensation of liquid products  . Gasification is composed of three steps. The first is

called drying and it takes place at temperatures up to 120 °C. In this step, all the moisture from the raw material is

removed to produce steam. The second step is called devolatilization and it occurs at temperatures up to 350 °C:

the volatile matter from the raw material is lost, leading to char formation. Finally, the third step is the gasification of

the char, which takes place at temperatures above 350 °C. The process finishes when it reaches the temperature

of 500 °C  .
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When air is introduced in the reaction, combustion of char and volatile products takes place, with these products

reacting with oxygen. In the gasification reaction, char reacts with carbon dioxide and steam, generating hydrogen

gas and carbon monoxide. The high temperatures used in this process bring the reversible water-gas shift reaction

into equilibrium .

Among these thermal techniques, pyrolysis can be highlighted because of the bio-oil produced. It is an interesting

source of biofuels and other high added-value products, such as syn-gas and aromatic compounds, which are

described in detail in Section 4.4. The pyrolysis conditions under which bio-oils have been obtained from different

biomasses are listed in Table 1.

Table 1. Fiber composition on a dry basis and pyrolysis conditions of biomasses used for bio-oil production.

Biomass CEL (%) HEM (%) Lignin (%) Temperature (°C) Time (h) Reference

Olive stones 26.5 35.4 34.7 450–700 2

Olive tree pruning 36.6 19.7 20.8 300–650 2

Corn stover 34.5 33.2 21.3 350–700 2

Corn cob 45.1 33.4 15.9 300–650 2

Rice straw 44.5 27.2 22.7 400–700 2

Sugarcane bagasse 35.3 24.1 28.5 450–700 2

Reed canary grass 39.2 21.8 8.05 300–600 2

CEL: cellulose; HEM: hemicellulose.

3. Pyrolysis

As mentioned above, pyrolysis is a form of thermal decomposition carried out under an inert atmosphere, i.e.,

without oxygen.

Bio-oil or pyrolysis oil, which is the liquid phase, consists of water and oxygenated aliphatic and aromatic chemicals

. The composition of bio-oils can vary significantly, although they tend to have similar features. The moisture

content is usually between 15 and 30% wt, while the oxygen content ranges between 35 and 40% wt. Due to the

presence of carboxylic acids, bio-oils tends to have low pH values (2–3). Other components that are usually found

in bio-oils are alcohols, esters, aldehydes, ketones, phenols, furans and sugars .

The chosen conditions of the pyrolysis vary depending on the product to be obtained, resulting in different pyrolysis

processes. To favor the formation of carbon, slow pyrolysis processes are used. These are characterized by having

a long residence time (from hours to days) as well as a low heating rate. In this type of process, roughly 35% wt
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biochar, 35% wt syngas and 30% wt bio-oil are usually obtained . On the other hand, to increase the production

of bio-oil over biochar, fast pyrolysis is more suitable (Figure 1) . In this type of process, the use of a smaller

particle size is required in order to obtain uniform heating. Therefore, the use of raw materials with small particle

sizes favors the production of bio-oil .

Figure 1. Typical scheme for production of bio-oil via fast pyrolysis .

Another essential factor to take into account is the final temperature. A temperature higher than 650 °C increases

the proportion of gaseous product, while heating at low temperatures increases the proportion of biochar. Taking

into account these factors, the optimum temperature for the production of bio-oil has to be determined for a specific

biomass in order to maximize the formation of the desired product .

For instance, in bio-oil production, yields close to 75% of the weight of the initial biomass (with small amounts of

solid carbon and gases) can be obtained. Fast pyrolysis produces bio-oils with lower viscosity and greater

miscibility in water than those produced with slow pyrolysis .

While it is true that temperature is a factor that plays a key role in the final composition of the products, the

temperature ramp, residence time and particle size, together with the heterogeneity of the biomass, mean that

pyrolysis reactions have great chemical complexity. Each of the biomass components has characteristic thermal

conditions and thus to degrade them they must be subjected to pyrolysis at different temperatures. At the lowest

temperatures, in the range of 210–310 °C, hemicellulose is pyrolyzed. Subsequently, cellulose tends to degrade

from 300–315 °C, its end point being around 360–380 °C. Finally, lignin usually begins its degradation at the same

temperature as hemicellulose, over 200 °C, but its pyrolysis range is much higher, since it can be degraded up to

1000 °C .
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Furthermore, these pyrolytic processes can be modified through the use of catalysts. For example, some of these

catalysts have the objective of reducing the oxygen content of the final bio-oil. Currently, pyrolysis is carried out by

thermal depolymerization, together with a subsequent decomposition of the raw material into volatile compounds.

However, the deoxygenation reactions that are catalyzed by acid catalysts render a greater formation of

hydrocarbon products. This process includes decarboxylation, decarbonylation and dehydration .

4. Applications of Bio-Oils

Various studies on the uses of bio-oil can be found in the literature from the last 15 years . The

applications of bio-oil include its direct use , the production of high-quality biofuels for the automotive industry

, and its use as a raw material for obtaining high-value chemical compounds, such as aromatic compounds

(phenol) . With regard to this latter application, one point to note is that some of the organic components of

bio-oil are regarded as high added-value products. Bio-oil is a mixture of organic compounds, some of which are

fine chemicals with added value. For this reason, the production of organic compounds, such as aromatic

chemicals, esters and acids, from bio-oil has gained great importance in recent years .

On the other hand, the production of certain families of chemical products has also been investigated, since some

of them, such as phenols, have plenty of applications. For example, phenols can be used as a raw material to

produce binder through crosslinking reactions .

In earlier assays, the pyrolysis of biomass was carried out with the aim of producing a renewable fuel and replacing

fossil fuels (gasoline and diesel). Different configurations of pyrolysis and pyrolyzers were proposed for this

process. Bubbling, circulation, cone rotation and grinding have been varied in these assays . Some research

groups and companies have developed the industrial production of bio-oil. Among them, Red Arrow’s Ensyn in

Canada and the UPM refinery in Finland can be highlighted.

However, bio-oils also have some characteristics—such as high acidity, low thermal stability and less calorific

power and higher viscosity than diesel—that can cause operation problems when they are used in diesel or

gasoline engines . To deal with these hindrances, researchers have developed a method that converts bio-oil

into a fuel similar to fossil fuels (gasoline and diesel) through the hydrodeoxygenation (HDO) reaction. This is

performed to decrease the oxygen content in bio-oil, which increases the calorific value and its thermal stability 

. Through hydrodeoxygenation problems related to the high oxygen content of bio-oil can be solved .

Despite these advantages, the process is still very expensive since external hydrogen is needed in the engine and

a metal oxide catalyst is needed for the process, in addition to the potential rapid deactivation of the catalyst due to

the formation of coke.

4.1. Bio-Oil as Fuel for Boilers and Heavy-Duty Engines

One use of the various kinds of bio-oils is directly burning them together with fossil fuels as furnace and boiler

fuels. Furthermore, bio-oil may be more suitable than heavy fossil fuels when it comes to combustion in boilers.
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The combustion of bio-oil leads to less pollution by CO , NO  and SO  and thus can result in a reduction of air

pollution, avoiding the use of subsequent processes to reduce these pollutants in boilers . From the comparison

of the data provided in Table 2, it can be seen that bio-oil has poor fuel properties when compared to fossil fuels.

One of the most remarkable differences might be that bio-oil has higher water content compared to heavy fossil

fuels (20–30% wt vs. 0.32% wt).

Table 2. Typical fuel properties of bio-oil and fossil fuels .

Property Bio-Oil Gasoline Diesel Heavy Fossil Fuel Oil

Density at 15 °C (kg/dm ) 1.11–1.13 0.72–0.76 0.78–0.86 0.95

Pour point (°C) −9 up to −36 – −40 12

Water content (% wt) 20–30 – 0.05 0.32

Flash point (°C) 40–110 −43 50 110

Viscosity (cSt) 15–40 at 10 °C 0.5 at 20 °C 3 at 40 °C 130 at 10 °C

Higher heating value (MJ/kg) 14–19 45.7 47.0 42.9

Lower heating value (MJ/kg) 13–18 42.9 43.0 40.6

Elemental composition (% wt)

50–60% C
7–8% H
≤0.5% N

35–40% O

86% C
12.8% H

0% N
1% S

87.4% C
12.1% H

0.039% N
1.39% S

88.1% C
10.85% H

0.5% N
0.35–0.64% O

Nevertheless, the higher heating value of bio-oil is similar to other biomasses, such as olive pruning residues, olive

stones or olive pomaces, that are currently used in boilers .

It can be concluded from Table 2 that the bio-oil produced from pyrolysis cannot be used directly in current burner

designs, which are designed for heavy fossil fuels. The primary reason is that, despite having the same flash point,

the viscosity of bio-oil is lower than that of heavy fossil fuel oil. Therefore, it is necessary to redesign the current

burners in order to use bio-oil as fuel, as the properties of bio-oil are different from those of its fossil analogue. One

of the main differences is that the flash point and the pour point are lower for bio-oil compared with heavy fossil

fuel, indicating that the storage and pumping components in boilers must be redesigned. In addition, the materials

of the components of the boiler that are in contact with the bio-oil (such as the engine and the burner) have to be

resistant against corrosion.

To summarize, bio-oil could be used as boiler fuel but the structure and design of current engines would have to be

modified for optimal operation.

4.2. Bio-Oil to Biofuel by Hydrodeoxygenation
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As mentioned earlier, one of the main characteristics of bio-oil is that it contains large amounts of water and heavy

aromatic compounds, which results in instability and a low energy content . Due to this, its

transportation, storage and use in engines are very complicated. A proposed method to treat the product in order to

improve its properties is shown in Figure 2  .

Figure 2. Biofuel production through bio-oil enhancement .

Hydrodeoxygenation could be used as a process to change the properties of bio-oil for its use as engine fuel and

solve some problems. The process is characterized by operating at high temperature and high pressure, with the

aim of reducing the oxygen in the bio-oil .

The deoxygenated stream consists of hydrocarbons, which can be used as gasoline, naphtha and aviation fuel, or

as additives for these fuels, as long as the upgraded bio-oil is fractionated . The main drawback is that the

viscosity of biofuel (1–5 cP) is less than that of the fuel oil (180 cP). Due to the influence of this low viscosity,

current pumping systems might require some modifications to allow the use of biofuel feeding.

The combustion of these biofuels in automotive engines has been investigated. For instance, the combustion of a

hydrotreated bio-oil from pine wood has been assayed in a 20 kWe engine over a period of 40 h . The engine

was able to run without any problems when diesel was replaced with biofuel from bio-oil. By contrast, the operation

of the engine was not entirely successful when using 100% raw bio-oil as feedstock.
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This process has yet to be further developed since it requires a catalyst to reduce the formation of coke and

increase the rate of hydrodeoxygenation. For this reason, the viability of the industrial-scale catalyzed HDO

process for bio-oil production must be verified. The HDO process is hampered due to the formation of coke, which

causes the rapid deactivation of the catalyst. It has been reported that aromatic compounds and sugars are

primarily responsible for the formation of coke .

4.3. Bio-Oil to Hydrogen

Hydrogen is characterized by being a fuel as well as an energy carrier due to its high energy content (120.7 MJ/kg)

. Furthermore, the only product or waste generated from hydrogen combustion is water, so H  combustion does

not contribute to the emission of greenhouse gases.

Hydrogen is produced on a large scale mainly through reforming with steam generated from fossil fuels . Due to

the poor features of fossil fuels, such as their great atmospheric pollution, and their impeding depletion,

researchers are paying attention to the use of biomass as an alternative feedstock to produce hydrogen. The bio-

oil steam-reforming reaction (Equation 1) can be described as follows :

C H O  + (2n - k) H O ----->  n CO  + (2n + m/2 - k) H                                    (1)

The direct gasification of biomass to produce hydrogen can be performed in a simple process. However,

transporting bio-oil over long distances is very expensive due to its low calorific density. One alternative that would

reduce the transportation costs could be the use of bio-oil instead of biomass to produce hydrogen, since bio-oil

has higher energy density than biomass.

Another advantage of bio-oil is that the hydrogen produced by reforming the bio-oil with steam in the HDO reaction

can be used as a reagent in reforming reactions . The main scheme for bio-oil steam reforming is shown

in Figure 3.

Figure 3. Hydrogen production scheme via steam reforming of bio-oil .
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Different types of reactors have been tested with regard to the reforming reaction of bio-oil with steam. The design

of the reactor plays a key role in avoiding the formation of coke in the previously described reaction, since the coke

production reaction is very fast . For instance, the first reactors tested in the reforming reaction were fixed-bed

and fluidized-bed reactors. The durability of fluidized-bed reactors is greater than that of fixed-bed ones, since the

coke formed during the above-described process can be gasified.

The largest formations of coke are generally observed in the bio-oil injection line and in the reactor inlet section. To

overcome this problem, some researchers have used a nozzle to feed bio-oil into the reactor, which increases the

feeding rate . These researchers found that the use of a nozzle, under the assayed conditions, prevented the

formation of coke for 35 h. Furthermore, the injection point was located at a considerable distance from the

catalytic bed in order to keep the inlet temperature as low as possible, thus minimizing coke production at the

nozzle outlet.

Furthermore, to achieve high reaction rates and increase hydrogen selectivity, catalysts have been used in steam

reforming. This also minimizes the formation of coke. The main catalysts assayed so far have been those based on

Ni doped with transition metals . Noble metals, such as Pt and Ru, apart from being very selective and stable

over time in a stream, are less prone to coke deposition on their catalytic surface. Nevertheless, their high prices

prevent their use at a large scale.

4.4. Bio-Oil to High-Value Chemicals

Currently, most industrial chemicals as well as those used in daily life are obtained from fossil fuel feedstocks.

Nevertheless, research on the production and separation of chemicals from bio-oil has been stimulated in the last

few years . Different methods have been applied to separate chemicals from bio-oil. Among them, the two

outstanding and most widely used methods are the distillation and solvent extraction techniques.

4.4.1. Distillation of Bio-Oil

The high added-value chemicals of bio-oil can be separated by distillation at high temperatures and atmospheric

pressure . Due to high concentrations of reactive organic oxygen compounds, such as aromatics, ketones and

aldehydes, the polymerization of these compounds takes place at these high distillation temperatures. Therefore,

vacuum distillation is recommended in order to decrease the distillation temperature, and avoid these undesirable

reactions.

Furthermore, it has been proved that separation efficiency is improved under vacuum distillation and that this

technique can separate smaller molecules, such as various types of acids (acetic and formic), as well as

hydroxyacetone .

4.4.2. Solvent Extraction
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Various solvents for the extraction of chemicals from bio-oil have been assayed, including alkaline solutions,

ketones, ethers, water, super-critical CO , ethyl acetate, toluene and n-hexane .

In one method, phenols were extracted from a bio-oil produced from the pyrolysis of sawdust, which was carried

out by means of a solvent . The phenols were extracted by adding ethyl ether and 10% wt caustic soda, finally

obtaining sodium phenoxide. Furthermore, phenols have also been extracted with hydrochloric acid. Other

researchers have carried out the extraction of different organic compounds from the bio-oil of forest residues by

adding n-hexane, water and dichloromethane .

4.5. Conversion of Bio-Oil to Carbonaceous Materials

The applications of carbonaceous materials, which are usually produced from coal or biomass, cover a wide range,

especially at the industrial scale . The production of these carbonaceous materials from bio-oil is an attractive

proposition in light of the fact that they have a positive impact on the environment due to their sustainability as raw

materials. Furthermore, biomass generally has low or zero sulphur content and nitrogen content has been reported

to be much lower than that in coal. The porous structure of activated carbon is also responsible for its low

mechanical resistance.

In order to increase the mechanical resistance of carbonaceous materials made from biomass, a methodology has

been developed for their manufacture from bio-oil and biochar . When the pores of biochar are filled with the

solids resulting from the polymerization of the bio-oil, the above-described mechanical resistance increases.

From the studies available in the literature on the production of carbonaceous materials from bio-oil, it can be

concluded that the technology has to be improved and developed through further investigation in order to identify

feasible pathways and their mechanisms. This could provide an overview of the possibilities for the production of

specific carbonaceous materials under the most suitable conditions.

4.6. Electrodes

Pitch is regarded as one of the most abundant raw materials available to obtain electrodes. In industry, the tar

produced from coal is used as pitch. Nevertheless, in recent years a part of the tar produced from the pyrolysis of

biomass—called biopitch—has been investigated, which could replace the tar derived from coal . One

advantage is that its oxygen content is higher than that of pitch (20% wt instead of 2% wt). This higher content can

improve the softening point during heating, mainly due to water vapor and the presence of some light compounds

in the material during heating.

Furthermore, the higher oxygen content is translated into an increase in the reactivity of the pitch, with the ultimate

goal of polymerization during heating . Furthermore, the production of solid products from bio-oil is favored due

to the high oxygen content.

4.7. Bio-Oil in Asphalt
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The use of bio-oil as a source of binder for asphalt could overcome the uncertainty in the supply of petroleum-

based binders . Bio-oil from the pyrolysis of biomass can be used as a binder in asphalt, not only because it is

renewable, but also due to its low levels of heterogeneous atoms, such as sulphur (almost nil) and nitrogen (0.5%

wt) , as well as the presence of high levels of phenols, such as phenolic monomers and pyrolytic lignin

in the bio-binder structure, which are derived from the degradation of lignin to some extent. These compounds

account for the potential of the use of bio-oil in asphalt . The rheological properties of bio-oil as a bio-binder

have been compared with those of petroleum resources . The authors of one study pyrolyzed oak wood to

obtain bio-oil and studied the specifications of this bio-binder and a mixture of the same with polyethylene at 2 and

4% wt, added to control the viscosity in the binder derived from coal. The authors found that both the bio-binder

and its mixture with polyethylene had great potential for substituting asphalt binders derived from coal .

4.8. Pesticides

Another example of the use of bio-oil is the production of pyroligneous acid, also known as wood vinegar, which is

obtained from the slow pyrolysis liquid fraction obtained as a byproduct of charcoal production. It is one of the most

valuable products of the pyrolysis of biomass and has biocide properties that make the bio-oil containing it a

potential pesticide. For instance, it has been reported that wood vinegar obtained from the pyrolysis of bamboo is

effective in controlling fungi at concentrations between 0.1 and 1% wt . This wood vinegar includes acetic acid,

one of the organics acids produced from pyrolysis. This acid can account for around 15% wt in wood bio-oil.

4.9. Polyurethane Foams Formation

Polyurethane (PU) has many of different uses in industry, including as feedstock for the production of insulation

materials, medicine and furniture . Normally, it is produced from fossil fuel resources through the reaction

between isocyanates and polyols.

Recently, some researchers have investigated how to produce PU from bio-oil, looking at the viability and

profitability of the process . Biopolyol was extracted from bio-oil using an organic solvent (ethyl acetate), which

was mixed with bio-oil at the same ratio. The authors of this study claimed to have obtained PU foam with some

properties similar to those of commercial PU through the use of condensation reactions among biopolyol,

polymethylene polyphenyl isocyanate, polymeric diphenyl methane diisocyanate and some additives.

4.10. Plastics

One of the less well-known uses of fossil fuels, from within the great variety of their uses, is the production of

plastics. Due to their low degradation kinetics, the huge amount of plastics produced in the world is accumulated in

the environment, generating a huge environmental problem . Furthermore, the production of additives causes

environmental problems, such as the production of toxins (phthalates and plasticizers), during the process of

plastic de-composition. As a result, researchers have paid attention to the production of biodegradable plastics

over the last few decades . Fractionation of bio-oil has been carried out successfully, giving rise to various

chemical products such as ethanol, xylose, acetic acid, ethylene and others. Some of these can be used as
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monomers for the production of different plastics . However, their high price, lower mechanical properties and

low-quality appearance narrow their potential for production at a large scale.

4.11. Biodiesel

As mentioned earlier, bio-oils produced from lignocellulose residues by fast pyrolysis or catalytic fast pyrolysis are

regarded as suitable raw materials to produce renewable diesel .

In order to stabilize the hydrotreated bio-oil, butane and other light compounds are removed with a lights removal

column . Later, the stable bio-oil stream is separated into light and heavy fractions. The heavy fraction (boiling

point above 350 °C) is then sent to a hydrocracker to completely convert the bio-oil into gasoline and diesel blend

components. The main process might occur as shown in Figure 4.

Figure 4. Block diagram for hydrocracking and product separation .

The final product is a mixture of liquids spanning the gasoline and diesel range and some gaseous byproducts. The

gasoline and diesel products can be separated by distillation. While biodiesel from transesterification of

triglycerides from vegetal oils or animal fats is composed of methyl (or ethyl) esters, biodiesel from bio-oil has a

similar composition to that of fossil diesel (hydrocarbons, mainly paraffins, aromatics and naphthenes). Methyl-

ester biodiesel is commercially found mixed with commercial diesel in varying percentages ranging from 5% to

30%, although 100% methyl-ester biodiesel can also be found to a lesser extent. As a result, the presence of

biodiesel from the transesterification of triglycerides in the fuel affects its physical and chemical properties. On the

contrary, biodiesel obtained from hydrocracking of bio-oil is regarded as suitable for blending with petroleum diesel

. The yield of fuel products based on 100% renewable raw material has been reported to be approximately 65%

wt . Furthermore, the carbon balance is shown in Table 3. As can be seen, researchers achieved a 55% wt

conversion of the carbon in the combined feed (biomass plus natural gas) into fuel products

Table 3. Carbon balance of product fuel from wood .
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Raw material
Biomass 88% wt

Natural gas 12% wt

Fuel products
Gasoline pool 23% wt

Diesel pool 32% wt

Waste products

Pyrolysis unit exhaust 23% wt

Upgrading wastewater 0% wt

Upgrading heaters exhaust 2% wt

Reformer exhaust 20% wt

Another strategy might be burning a blend of bio-oil and diesel in an oil-fired furnace . Although using bio-oil to

replace fossil fuels has limitations due to undesirable properties of bio-oil, such as high water, acidity and oxygen

contents, low heating value, and so on, a low blend ratio of bio-oil used to substitute petroleum-derived oil has

advantages. For instance, it can be easily combusted in furnaces without any modifications. Thus, bio-oil blended

with 5% (v/v) diesel achieved a stable combustion, emitting less CO , NO, SO   and CO than pure diesel.

Furthermore, a study on the life cycle assessment of the production of bio-fuels from bio-oil showed that the life

cycle assessment for diesel produced by fast pyrolysis of forest residues and subsequent hydrotreating and

hydrocracking indicated greenhouse gases emissions of 0.142 kg CO -eq per km and a net energy value of 1.00

MJ per km, which are lower than those obtained for fossil fuels. .
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