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VCE Chemistry
Units 3 and 4: 2007–2014
Introduction

Huge advances have been made in the application of the fundamental principles of chemistry over the last 10–15 years leading to the emergence of new areas. These areas include biofuels, forensic analysis, and design and synthesis of medicines.

Contemporary studies in chemistry require students to develop an understanding of the use and sustainability of a range of energy sources. 

Students should also be encouraged to consider the future possibilities of research, breakthroughs, and any associated community, social or ethical issues related to the emerging areas of chemistry.

To assist teachers to implement the VCE Chemistry Study Design Units 3 and 4: 2007–2014, the following expert paper has been prepared to provide up-to-date information and explanation of important terms and concepts, and is of particular relevance to biofuels.

What are biofuels?
Dr Nicholas Derry
Introduction
The twin related concerns of carbon dioxide emissions and their effect on the global climate and the finite nature of crude oil resources has lead many people to see biofuels as addressing these concerns. Biofuels are all fuels derived from organic material. As such, they are renewable in the sense that new material can be grown to replace that used to produce biofuels. As most biofuels come from material derived either directly or indirectly from plants, they are considered by some as carbon neutral, that is the carbon dioxide produced in their use is absorbed by the plants grown to produce more biofuels. This paper will discuss the three most commonly used biofuels: biogas, biodiesel and bioethanol. There are other biofuels, such as biomethanol, biopropanol and biobutanol, but these are not in as common use as the other three and so will not be discussed here.
Biogas
The term biogas typically refers to gas produced by the anaerobic digestion of a variety of biological materials including manure, sewage and domestic waste. Depending upon its source, it can also be called digester gas, swamp gas, marsh gas and landfill gas.

Anaerobic digestion occurs as bacteria feed on the organic material present in the feedstock, either in the complete absence of oxygen, or in very low levels of oxygen. The bacteria that are used in biogas generation are closely related to the bacteria that were involved in the formation of the current natural gas reserves tens of millions of years ago. The process is a complex one and is not fully understood, but can be simplified to:

The biogas produced by anaerobic digestion is predominantly a mixture of methane, CH4, and carbon dioxide, CO2. Depending on the feedstock material used in its production, it can also contain trace amounts of ammonia, NH3, hydrogen sulfide, H2S, carbon monoxide, CO, hydrogen, H2, nitrogen, N2, and oxygen, O2.

The sludge remaining following anaerobic digestion can be used as a fertilizer, but must be tested for the presence of toxic components (for example heavy metals) prior to its use.

Globally, biogas production is increasing, particularly from sewage sludge and household waste. Some examples include:

· The Western Treatment Works at Werribee, which uses giant plastic covers over some of its ponds to collect the biogas produced by the bacterial digestion of sewage. Some 20 million litres of biogas are collected each day and used to generate electricity, thus reducing the energy costs of the treatment plant <www.melbournewater.com.au/content/publications/fact_sheets/sewerage/methane_covers.asp>.
· A sewage treatment works serving 1.3 million people in Birmingham, UK, processes 4000 litres of sludge a day into biogas that is used to generate the energy the plant requires. Excess electricity is sold to the UK National Grid.

· In Devon, UK, a biogas production plant collects 146 000 tonnes per annum of farm manure and organic food waste from the surrounding area. The biogas produced is used to generate electricity for the area, the remaining sludge being returned to the farms as fertiliser.

The use of biogas generators is increasing around the world, allowing rural areas access to electricity generation, while at the same time disposing of organic waste which might have otherwise posed a health risk. The biogas produced reduces the need to use often scant wood reserves as a source of household energy in these areas.

The primary use for biogas is likely to remain as a fuel for the generation of electricity, and for household heating and cooking. This is because of the difficulty in compressing methane to allow for use as a mobile energy source, such as fuelling vehicles.

Although the complete combustion of methane generates carbon dioxide

 CH4(g) + 2O2(g) ( CO2(g) + 2H2O(g).
Biogas generation offers significant environmental advantages. Methane is a significantly more potent greenhouse gas than is carbon dioxide so its removal from the atmosphere is paramount. By collecting the methane that would be produced and using it as an energy source, the release of methane into the atmosphere is reduced. It also means that the use of fossil fuels is reduced, extending their potential lifetime and limiting the release of gases (for example sulfur dioxide, SO2, a source of acid rain), which are often produced as a result of the burning of fossil fuels. Removing the methane by combustion would lead to a net benefit in terms of reducing the presence of greenhouse gases in the atmosphere and simultaneously producing energy.

Biogas offers the potential of being a significant contributor to our energy needs in the future, but only if the construction of sewage treatment plants and landfill sites specifically designed to capture and use the biogas produced as a result of the anaerobic digestion of organic matter is undertaken.

Biodiesel
Biodiesel refers to alkyl ester fuels made by processing feedstocks such as vegetable oils including: soybean oil, canola oil and palm oil, animal fats and waste cooking oils. (For example, Rudolf Diesel, the inventor of the diesel engine, ran his demonstrator vehicle on peanut oil.) Many of these oils can be used as a fuel in diesel engines without processing. The advantage is that existing engines require few if any engine modifications whether using the oils directly or blended with diesel. However, such use (or when vegetable oils are mixed directly with diesel produced from crude oil without processing) is not normally regarded as being biodiesel.
The production of biodiesel involves three stages: purification, neutralisation and transesterification. The process is suited to both small-scale home production or large scale industrial production.

The purification process involves filtering to remove any foreign material. This is particularly important when the oil being used has come from a food production source such as a fast food outlet. Any non-oil material and water must also be removed at this stage, so as not to interfere with following stages of the process. 

The feedstock is then analysed to determine the level of free fatty acids present. Free fatty acids are carboxylic acids used to synthesise triglycerides in plants and animals. The analysis allows the quantities required to complete the transesterification reaction to be calculated. If the levels of free fatty acids exceed 4%, they then undergo a pre-treatment in which they are converted to esters via an acid catalysed reaction with an alcohol. For example:

   R1COOH   +   R2OH 



R1COOR2   +    C3H​8O3

free fatty acid    alcohol



    ester
             glycerol

R1 and R2 refer to alkyl groups

The glycerol produced as a by product can be used in other processes, for example the manufacture of pharmaceuticals and cosmetics.

The transesterification reaction forms the alkyl esters from the source of triglyceride:


(Although ethanol is shown in the equation methanol may also be used.)

The reaction is an equilibrium system, so conditions have to be controlled to ensure maximum yield of alkyl esters. A temperature of 50°C, a catalyst and the addition of excess alcohol all combine to drive the reaction in favour of the products. The result is a yield of over 90%.

While technically not biodiesel (because the feedstock is not organic in the sense of coming from previously living material), the Australian company, Ozmotech <www.ozmotech.com.au> has developed a process for producing diesel from plastic waste. The company claims to be able to produce 9000 litres of diesel from ten tonnes of plastic waste. Waste contaminated with dirt, oil residues, printing inks and other materials can be used without the need for pre-treatment. The process involves liquefaction, pyrolysis and catalytic breakdown.

The European Union (EU) leads the world in biodiesel production. Using mainly canola oil, it produced 3.2 million tonnes of biodiesel in 2005. Of this, Germany is by far the major producer, producing more than the rest of the world combined. Despite this, biodiesel still only represents less than 10% of Germany’s annual diesel demand. In comparison, the United States produced only 250,000 tonnes of biodiesel in 2005, mainly from soybean oil. In Australia, only 3% of vehicles use diesel, compared to 50% in the EU. Biodiesel production in Australia is increasing, partially in response to an Australian government capital grants rebate scheme of 20c per dollar spent on infrastructure to produce biodiesel. The Australian Biodiesel Group <www.abgbiodiesel.com/index.asp> has a plant in Caboolture, Queensland capable of producing 160 million litres of biodiesel per year. 

Despite the relatively low use of diesel as a vehicle fuel in Australia, it is by far the most common fuel for trucks, trains and buses. In Adelaide, 95 public transport trains and two-thirds of buses have been using a B5 blend of biodiesel (5% biodiesel) since March 2005, the remainder running on natural gas.

In terms of carbon dioxide production, diesel is a more environmentally friendly fuel than petrol. However, the use of biodiesel poses the same problems as diesel in terms of the potentially carcinogenic fine carbon-rich soot particles produced by the engines. Biodiesel does, however, have fewer emissions of other pollutants (for example polyaromatics, like benzene) than diesel. Biodiesel is biodegradable and non-toxic, making its use in potentially sensitive environmental areas, such as waterways, an advantage.

Bioethanol
Bioethanol is ethanol produced essentially by the fermentation of starchy or sugar-rich crops, including sugar cane, wheat and corn. Modern car engines are able to run on a 10% bioethanol/petrol blend, termed E10, without modification or damage. Engines would need modification to run on higher bioethanol blends, as one problem with bioethanol is that it attacks some of the materials currently used in car fuel systems. The irony in the current debate about the use of bioethanol as a petrol additive is that Henry Ford’s first Model Ts, produced in 1908, were designed to run on ethanol. It was only the increasing availability of petrol reducing its price in comparison to that of ethanol that caused a change in the car’s fuel.

The production of bioethanol is a multi-step process, involving both physical and chemical conversions. It starts with milling of the feedstock, to produce a fine powder. The powder is mixed with water to form a mash to which an enzyme is added. The enzyme hydrolyses the liquefied starch into glucose. Yeast are able to ferment the glucose, forming ethanol and carbon dioxide. This process is well understood, forming the basis of the centuries old processes of beer and wine making. The process can be simplified as:

The process produces 95% ethanol, which is increased to 100% by distillation.

Bioethanol production is inefficient in the sense that not all of the sugar present in the feedstock is available to the yeast to ferment. Australian scientists working at Macquarie University are developing a yeast that is able to ferment the sugar present in sugar cane that conventional yeast are unable to ferment, (a segment from the ABC programme ‘Catalyst’ on this can be seen at <www.microbiogen.com/c.html>). Currently, only about 30% of sugar cane is available for fermentation. If they are successful, that could significantly increase the amount of ethanol produced per unit of sugar cane.
The oil crisis of the mid 1970s lead some countries to make a return to biofuels. Brazil, in particular, began to make significant investments in bioethanol production at this time, making use of its major crop, sugar cane. Brazil now produces half of the world’s bioethanol. Its petrol supplies must contain 20% bioethanol by law. Other countries are seeing bioethanol as providing an opportunity for economic growth. For example, Cuba is hoping to reinvigorate its collapsing sugar industry by switching to bioethanol production. The United States is making sizeable investments in corn as the feedstock in bioethanol distilleries across its midwest. In Australia, investment in bioethanol production lags behind many other countries of the world. However, the federal government has provided assistance for bioethanol production as a means of supporting the sugar industry as the world price for sugar has fallen. BP Australia is investing in this area. It is aiming to sell 100 million litres of bioethanol as an E10 blend by 2008. 

Studies from both the US and the UK suggest that use of E10 does significantly reduce particulate emissions from vehicles. However, the use of bioethanol does increase the levels of NOx emissions from vehicles, compounds which form an important component in the formation of photochemical smog. There are also concerns over the possible presence of carcinogens, such as acetaldehyde, in the emissions of vehicles using bioethanol blended fuel.

Conclusion

Biofuels, such as biodiesel and bioethanol, are often thought to be carbon-neutral because the carbon dioxide they produce in their use is balanced by the carbon dioxide consumed by the plants grown to produce more biofuel. However, this is a simplistic view, and fails to take account of the carbon dioxide production involved in the transport of feedstock, biofuel production and distribution, given that most vehicles run on a fuel derived from a fossil fuel. There is little agreement about the current carbon dioxide benefits of using biofuels. However, most agree that with improvements, a carbon dioxide saving of 70% of biofuels, such as biodiesel and bioethanol, is possible. Such improvements will become more marked with the application of second-generation technologies in biofuel production. Such technologies will permit access to the sugar present in cellulose, allowing the large quantities of plant material that is currently waste, such as that generated in seed crop production, to be used for biofuel production. 
What must also be considered with biofuels is the environmental and social issues associated with changes in agricultural practices to meet the demand of the biofuel industry for feedstock. There is already evidence to suggest that a number of South-East Asian countries are scaling up palm oil production to meet demand for biodiesel, with the consequent loss of fragile ecosystems such as rainforests. Some have expressed concern that the reduction in carbon dioxide emissions through the use of biofuels does not justify the environmental damage caused by increasing production of plant material for use in their production.

Despite these concerns, governments around the world are seeing biofuels as providing the potential for extending the lifetime of current crude oil reserves while assisting in meeting reductions in carbon dioxide emission levels set by international agreement. In Europe, the EU Commission has proposed a 25% consumption target by 2030, although this is considered optimistic by many, especially in the light of the fact that a target of 2% by 2003 failed to be met. In Australia, the government has set a target of 350 million litres of biofuels being consumed by 2010. This would seem likely to be met, given that BP Australia alone is proposing to produce over 200 million litres by 2008. However, just the price differential between conventional fuels and biofuels will act as brake on significant increase in the use of biofuels worldwide. It will take significant government intervention, for example by exempting biofuels from fuel excise, before production of biofuels will rise to a level that will provide anything other than a very small percentage of the world’s transport energy needs. 
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