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Where possible at SSERC, when we develop practical activities, we try to offer depth, breadth and progression  so that, should the teachers desire, similar (though not identical) practicals can be used at different levels in the school.
Here are our suggestions for the Biodiesel activity

CfE

Pupils make a sample of biodiesel from fresh vegetable oil and carry out some simple tests.

National 4

Pupils make a sample of biodiesel from fresh or waste vegetable oil and carry out some simple tests.

National 5

Pupils make a sample of biodiesel from fresh or waste vegetable oil and carry out some tests, including measuring the energy value

Higher

The Biodiesel practical could make a good activity for the Assignment of the CfE Higher.

The different activities involve

Preparing biodiesel from fresh and waste oil (which involves titrating to determine the amount of free fatty acids in the waste oil) looking at the uses of the various waste products and carrying out tests including determination of the enthalpy compared with ordinary diesel.

Advanced Higher

There are many routes this can follow such as comparing biodiesel from different oils.

One way of comparing is to look at the iodine number of the biodiesel produced (and perhaps consider if there is a relationship with energy output?) using a titration with Wijs solution.

Curriculum links

CfE

SCN 3-04b - By investigating renewable energy sources and taking part in practical activities to harness them, I can discuss their benefits and potential problems.

SCN 4-04a - By contributing to an investigation on different ways of meeting society’s energy needs, I can express an informed view on the risks and benefits of different energy sources, including those produced from plants.

SCN 3-17b - I can participate in practical activities to extract useful substances from natural resources. 

SCN 4-20b - Having selected scientific themes of topical interest, I can critically analyse the issues, and use relevant information to develop an informed argument. 

Nat 4 – Nature’s Chemistry

Chemical Reactions

The use of fuels and their environmental impact on the carbon cycle

Alternative energy source including biomass 

Plants to products

Practical based activity on products derived from plants which have enhanced everyday life.

Nat 5 – Nature’s Chemistry

Everyday Consumer Products

Esters,  alkanols  and alkanoic  acids:-  To include their physical, chemical properties, general formulae, naming, structural formulae and uses.

Making Esters - Esters are formed by the condensation reaction between  alkanoic acid and an alkanol. The ester link is formed by the reaction of a hydroxyl group and the carboxyl group. In condensation reactions, the molecules join together with the elimination of a small molecule, in this case water.

Energy from Fuels 

Energy calculations involving ∆E = CM∆T

Calculations based on balanced equations.

Higher (CfE)

Nature’s Chemistry
Esters, fats & oils
Formation and dissolution by condensation and hydrolysis reactions

Saturation and unsaturation (using Wij’s reagent)

Chemistry in Society 
Getting the most from reactants

Product yield

Sustainability, cost of feedstock, marketability

Atom economy
Chemical energy

Enthalpies of combustion
Bond enthalpies

Chemical analysis

Volumetric titration 
Advanced Higher (CfE)

Organic Chemistry and Instrumental Analysis
Synthesis

Preparation of esters, ethanol reacting with Na to form sodium ethoxide, 

There are also opportunities for investigations into biodiesel in projects.
Introduction to Biodiesel
Bio-diesel is becoming more widely known since the EU and UK governments agreed that 5.75% of all fuels sold had to be be ‘bio’ by 2010.  For petro-diesel meant adding bio-diesel to it making it a blend.  What you can currently buy in garage forecourts as ‘bio-diesel’ is referred to a B5 ( This is 5% biodiesel to 95% normal diesel). It is also possible in some places to find a B30 mix and a few places sell pure biodiesel – B100

As a fuel bio-diesel is cleaner than petro-diesel and can help prolong engine life although there are issues with older cars where its solvent properties mean rubber gaskets can become perished.  In modern engines where this is not the case there can be problems on switching from petro-diesel to bio-diesel as it cleans out all the deposits in the fuel system.  Often the fuel filter must be replaced after several tanks after which time it is fine.  

Chemistry

It is often claimed that Rudolf Diesel developed his engine to run on vegetable oil but modern engines require a less viscous fuel with better burning properties.  Oils are examples of triglycerides which are esters of 3 fatty acids (long chain alkyl acids) (which may be the same or different) and glycerol which has three hydroxyl (-OH) groups.  

Oils are converted into bio-diesel by a trans-esterification process where three smaller alcohols, usually methanol, replace the glycerol.  This reaction is reversible and can be catalysed by acid or more commonly alkali.  An excess of the alcohol is used to drive the equilibrium as the excess can be recovered along with the sodium hydroxide or potassium hydroxide in the glycerol layer.  



The products of this reaction are called fatty acid methyl ethers (FAMEs).  The bio-diesel layer is usually washed to remove soaps which can be formed from free fatty acids (FFAs.  This is most common for heavily used oils which may already have broken down considerably.  

This liquid when allowed to settle is able to be used directly in modern diesel engined cars.  At present (September 2012) diesel costs ~140p per litre.  The chemicals for bio-diesel production and any heating costs are little more than than 20p per litre.  This is great for those who can collect waste oil for free and who produce less than 2500 litres per annum as they do not have to pay the 46p per litre duty larger operations do (In addition to having to pay for and ship the waste oil and fat).  Britain’s largest purpose built bio-diesel plant is owned by Argent Energy (UK) Limited and is near Motherwell here in Scotland.  It is capable of producing 50 million litres of biodiesel per year.  They provide bio-diesel directly to the large refineries and blenders.  

There is a very active community online discussing the manufacture of bio-diesel on an ‘at home’ scale where the process is often referred to as ‘Home Brewing’.  This is however not to be recommended as the chemicals are corrosive, toxic and explosive in some measure and several people have been badly injured, usually by allowing sparks in or near the methanol.  

The simple experiment needs none of the heating and long mixing of larger scale processes, but does use a large excess of catalyst which would be prohibitive on a larger scale.  It is possible to simply mix all three chemicals but this takes longer than pre-making the methoxide intermediate.  It is straightforward to scale this up to the 2 litre (plastic bottle) scale (probably best done as a demo with more senior classes).  The resulting bio-diesel could be used for many Higher and Advanced Higher experiments and investigations which could include:
· Titrating used oil to determine FFA levels

· Enthalpy of combustion

· % yield calculation

· Flow viscosity - pure samples will gel at or just below 00C using a salt/ice mix

If all else fails you could even put it in your car.  

The Experiments

1) Making biodiesel from fresh oil is quite straightforward.

It is more common to use ethanol and sodium hydroxide (sodium ethoxide), particularly for commercial manufacture but this protocol used methanol and potassium hydroxide. (potassium methoxide). The reason is simply that it potassium hydroxide dissolves in methanol much better than sodium  hydroxide in ethanol.

2) Making biodiesel from waste oil is a bit more complicated.

The oil nead to be cleaned (by filtering) and dried (either in an oven at 120C or by using anhydrous magnesium sulphate) 
The amount of free fatty acids needs to be determined. 

When the oil is heated during the cooking process, some of the triglycerides will have been broken down to give free fatty acids and glycerol. It is necessary to determine how much of the waste oil has been broken down into free fatty acids to be able to calculate how much extra potassium hydroxide is required to neutralise the FFA. 

3) Calculation the Iodine number

The reaction itself is a relatively straightforward titration. But there is work needed on standardisation of solutions.

Discussion Activities 
– Are Biofuels the Best Choice?

Most people would agree that renewable sources of energy are a better option than continuing to burn fossil fuels.  However few people can agree on which renewable energy resource would be the best choice.

Biofuels would seem to be the ideal renewable energy source.  They are produced from photosynthesising plants which use up carbon dioxide.  Consequently, when these fuels are burned, they do not add to the ‘greenhouse effect’.   However, many people have expressed concerns about losing land needed for food production and the impact on biodiversity.

At level 3 the biofuels ‘snakes and ladders’ activity might be more appropriate, with students at level 4 or above using the discussion cards for the Diamond 9 activity, which is more demanding.

Students need to know some basic facts about biofuels before using the discussion cards.

a) What is a biofuel?

b) What are biofuels made from?

c) Which countries currently use biofuels?

In the activity, the students sort out the discussion cards into those for, and those against, biofuels and then rank order the advantage cards.  

All of the advantage cards can be used to extend discussion:

a) What is meant by “environmentally friendly”?

b) Why don’t biofuels produce pollution problems?

c) Have you recently heard about one country cutting off energy supplies to another country?

d) Are there any wind turbines working near where you live, or at the planning stage?

e) Where does all of our petrol and diesel fuel get produced?  

(Although Nynas has a small refinery in Dundee, over 95% of the fuel used in Scotland and Northern England comes from Grangemouth).

Students then discuss the disadvantage cards and rank the cards starting with the biggest problem.  Once again there is scope to extend the disadvantage cards into further research by asking whether the disadvantages are actually real or just ‘hyped up’ by the media.

Lastly the groups try to come to a conclusion as to whether biofuels are a good idea or not.

This exercise could be used at the start of a topic on renewable energy sources and then repeated at the end, to see if the students changed their opinions.  Alternatively it could be used as an introduction to a research project, or at the end to consolidate the findings of several groups.  

Whatever way it is used, the intention is to stimulate discussion between students, remembering that there is no one ‘correct answer’ in this debate.  In the same way that many houses use both gas and electricity, our future energy needs will probably be met using a variety of renewable energy resources with bio-fuels playing some role.

Background for Advanced Higher Iodine Number Determination
The iodine number (or iodine value) is the number of grams of iodine that can be absorbed by 100g of fat or oil. 

In order to determine this, the fat or oil is treated with excess Wijs solution. Wijs solution contains iodine monochloride dissolved in ethanoic acid. The iodine monochloride reacts with the unsaturated part of the oil or fat, the double bonds, adding iodine to the molecule.

Potassium iodide is then added which liberates any unreacted iodine. This is determined by titration with sodium thiosulphate.

The more double bonds (the greater the amount of unsaturation), the less iodine there is left over.



-CH=CH-     +   ICl   →   -CHI-CHCl                      ( + excess   ICl left over)

 Iodine is liberated from the unreacted Wijs solution by adding potassium iodide

 ICl   +   KI   →   KCl   +   I2

The liberated iodine can then be determined by titration with a standard solution of sodium thiosulphate.


2Na2S2O3   +   I2   →   Na2S4O6  +  2NaI

This is a modified version of the method normally used for the determination of the iodine value of fats and oils in the analysis of foods. 
The standard version uses carbon tetrachloride for dissolving the fat or oil, which is toxic, carcinogenic and dangerous for the environment.

This version substitutes cyclohexane for the carbon tetrachloride.

Reagents
Boiled out distilled water

The process calls for boiled out distilled water in several places.

Freshly distilled water is pure. The boiling will drive off any dissolved gases and the distillation itself removes any dissolved solids. However, as soon as it begins to cool down, it will begin to absorb gases from the atmosphere.

Ordinary distilled water usually contains carbon dioxide and if it is used to make up sodium thiosulphate solution, this may cause a slow decomposition to take place with the formation of sulphur. 
In order to avoid this, your distilled water should be brought to the boil and then as soon as possible put in a capped container to cool and kept sealed until it is used.

Iodate free potassium iodide

Iodate ions react with iodide ions in an acidic solution to produce iodine

IO3-  +  5I-  +  6H+  ==  3I2  +  3H2O
If you mix a known amount of iodate with a known amount of iodide, then you get a known amount of iodine. 
If there is iodate already in the iodide (or vice-versa) that will affect the amount of iodine produced and so compromise the accuracy of your readings.

Iodate-free potassium iodide may be quite expensive but it is essential.

(The absence of iodate can be indicated by adding dilute sulphuric acid to the solution. No yellow from the iodine should be seen and if starch solution is added, there should be no trace of blue)

Standardisation

When dealing with analytical chemistry, it is important to know the exact concentration of the reagents you are using. This is not always as easy as it might sound.

To determine the exact concentration of a solution (in this experiment the sodium thiosulphate) we need to titrate the solution against a solution whose concentration is accurately known. This technique is called standardisation. The solution used to titrate the reagent whose purity we are verifying is prepared from a primary standard. 

Primary Standards

In practice, what you need to do is to compare the concentration by reaction with a known concentration of a primary standard reagent which can reliably be prepared to a known concentration with a high degree of accuracy.

Not all that many reagents are suitable for use as primary standards. In order to be appropriate, the chemical needs to be:

· Pure (obviously)

· Stable (it should not react with air, water, water vapour, atmospheric CO2 etc.)

· Have no water of crystallisation (this will invariably throw doubt on the absolute composition)

· Have a high molecular mass (so that for a solution of a particular molarity, a relatively large mass is required thus reducing the errors associated with weighing)

The primary standard should be dried in an oven at a specified temperature prior to use to drive of any water of crystallisation or traces of dampness and then stored in a dessicator.
Sodium thiosulphate

Sodium thiosulphate solution, Na2S2O3 .5H2O, is readily obtainable in a high purity state. There is, however, always uncertainty over the exact water content as the salt is efflorescent by nature and for other reasons. These characteristics make it unsuitable as a primary standard. 

For accuracy therefore, it is necessary to establish the exact concentration of the solution prior to use. 

To determine the exact concentration of the sodium thiosulphate we need to titrate the solution against a solution whose concentration is accurately known. This technique is called standardisation. The solution used to titrate the sodium thiosulphate is prepared from a primary standard. 

Potassium Iodate is a primary standard that can be used to standardise Sodium thiosulphate.

Here is some more detailed information from an American organization, Brevard Biodiesel (http://www.brevardbiodiesel.com/iv.html)

BIODIESEL CHEMISTRY


An understanding of biodiesel stability requires an understanding of the chemical make up of biodiesel and its parent, vegetable oil. Fats/Oils contain a glycerol molecule bonded to three fatty acid chains. This structure can also be called a triester or triglyceride. 

	

[image: image2.png]a
i

OO CH B, CH By O,y Uy CH=CH CHy- CH=CH -CHy CHyCH OBy Oy
0

R
i

HC— O C—CH, CHCH, Oy CH;CHy CHy

e

HLCHy-CHCH OB CH OB CH

H-CH-C

- CH CHCHy CHy O,





	Typical Oil: Trilinoleic Ester of Glycerol


Different fats/oils contain different types of fatty acid chains. Also, multiple types of these triesters will be present in any fat/oil. These chains differ in the number of carbon atoms and the number of carbon-carbon "double bonds" in the chain. For example, in soybean oil, there are 4 types of chains that contain 18 carbon atoms. A double bond normally introduces a "kink" in the chain. These double bonds play an important part in the stability of biodiesel. (Double bonds are represented with two parallel lines in the chemical formula diagram.). Note that vegetable oils and biodiesel are not hydrocarbons because oxygen atoms are present in the structure while gasoline and petro-diesel are true hydrocarbons as they contain molecules like iso-octane and cetane respectively. All these fuels are a relatively efficient energy store and release energy during combustion with Oxygen in a gasoline or diesel engine. 

Fats, which tend to be solid at room temperature, tend to have fewer double bonds, which leads to straighter chains allowing the nice packing a solid requires. Oils, which tend to be a liquid at room temperature, tend to have more double bonds, with corresponding kinks in their fatty acid chains leading to a liquid state. It is possible to "hydrogenate" an oil to remove double bonds and make it more solid at room temperature. The opposite is also possible.
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	Glycerol, an alcohol


TRANSESTERIFICATION
For many years it has been known that vegetable oil can be converted to "Biodiesel". This transformation process is called transesterification. This process replaces one type of alcohol (glycerol) with another (in biodiesel ethanol or methanol is used). To convert vegetable oil into biodiesel it is combined with ethanol or methanol in the presence of a catalyst (sodium/potassium hydroxide). In the resulting transesterification reaction, the triglyceride structure is "broken" and three ethanol/methanol 
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	Methanol, an alcohol


molecules replace the glycerol molecule. The result is three separate fatty acid chains and a waste byproduct of glycerine (that glycerol molecule has to go somewhere). A specific example of a fatty acid found in biodiesel is linoleic acid which has 18 carbon atoms, two of which have double bonds. 

An examination of soybean oil, and biodiesel made from it thru transesterification, reveals 5 variations of fatty acid chains, in approximately this mix:

	Composition of soya oil

	8% with 16 carbon atoms (aka "Palmitic Acid")

	3% with 18 carbon atoms (aka "Stearic Acid")

	25% with 18 carbon atoms and 1 double bond (aka "Oleic Acid")

	55% with 18 carbon atoms and 2 double bonds (aka "Linoleic Acid")

	8% with 18 carbon atoms and 3 double bonds (aka "Linolenic Acid")
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	Linoleic Acid, a common component of Soy biodiesel

	


Biodiesel produced from different source oils (termed "Feedstocks") will contain different proportions and types of fatty acid chains. This is why SME - Soy Methel Ester (biodiesel produced from soybean oil using methanol during transesterification) does not have the identical chemical properties of RME - Rapeseed Methel Ester (biodiesel produced from rapeseed oil).

For example, soybean oil has a melting point of -16°C, rapeseed oil melts at -10°C and palm oil melts at 35°C.
Fatty acids that have no double bonds are termed "saturated". These chains contain the maximum number possible of hydrogen atoms per carbon atom. Stearic Acid is saturated. Fatty acids that have double bonds are "unsaturated". These chains do not contain the maximum number of hydrogen atoms possible due to the double bond(s) present on some carbon atoms. Linoleic Acid is unsaturated. (One double bond is termed "mono-unsaturated, more than one double bond is termed "poly-unsaturated"). The location and number of double bonds are important because they influence reactions that can occur to destabilize the fatty acid chain. The interaction of oxygen molecules with the fatty acid chain, called "oxidation" is the chemical mechanism that destabilizes oil/biodiesel. The relative oxidation rates of oleic, linoleic, and linolenic fatty acids with oxygen are 1, 27 times, and 77 times respectively. After oxidation, hydroperoxides (one hydrogen atom and 2 oxygen atoms) are attached to the fatty acid chain. In a food oil this leads to rancidity. In biodiesel these degraded chains can polymerize, hooking together into various substances including insoluble gums that clog up parts. 

 STABILITY MEASUREMENTS
To compare the chemical stability properties of different biodiesel fuels, it is desirable to have a measurement for the stability of the fuel against such oxidation as described above. Currently the most common method for doing this, and the one specified in many of the biodiesel fuel specifications is called the Iodine Number or Iodine Value. The Iodine Value is not determined by measuring the stability of the fuel, rather it is determined by measuring the number of double bonds in the mixture of fatty acid chains in the fuel by introducing iodine into 100 grams of the sample under test and measuring how many grams of that iodine are absorbed. Iodine absorption occurs at double bond positions - thus a higher IV number indicates a higher quantity of double bonds in the sample. Numbers range from 10 for Coconut oil, 94-120 for Rapeseed oil, 117-143 for Soybean oil, up to 185 for Sardine oil. Biodiesel from these oils have Iodine values something like 97 for Rapeseed Methyl Ester, 100 for Rapeseed Ethyl Ester, 123 for Soy Ethyl Ester and 133 for Soy Methyl Ester. 

The Iodine Value can be important because many Biodiesel fuel standards specify an upper limit for fuel that meets the specification. For example, Europe's EN14214 specification allows a maximum of 120 for the Iodine number, Germany's DIN 51606 tops out at 115. The USA ASTM D6751 does not specify an Iodine value. It might be noted that the European and German specifications result in a de facto ban on Soy based biodiesel.
The Iodine value (IV) does not necessarily make the best measurement for stability as it does not take into account the positions of the double bonds available for oxidation. In some cases this can lead to IV values that are misleading. A study by Knothe & Dunn in 2003 found: "The IV did not correlate well with oxidative stability."
Other measurements of stability are available which do take into account double bond position. One is termed "Oil Stability Index" or OSI and is measured in hours by looking at the conductivity in water of the degraded fatty acids at a specific temperature. Another stability specification is known as "APE" and "BAPE" for "allylic position equivalents" and "bis-allylic position equivalents" which takes into account both the number and position of double bonds in the fatty acid chains. 

It should be noted that APE and BAPE, as well as OSI, differentiate between hypothetical mixtures of fatty acids that all have the same IV, but differ in actual stability.

How well does Iodine Value correlate to chemical stability? 
Testing has been performed on biodiesel fuels with differing IV values to determine this. Rapeseed Methyl Ester, Sunflower Methyl Ester, and Camelina Methyl Ester which have respective IV's of 107, 132, and 150 were compared in engine use. This study concluded in part that: "The engines were dismantled before and after the tests. No unusual deposits could be found in the cylinder liner, the combustion chamber, the injector and the valves. The experiences have shown that it is possible to operate an engine with a methyl ester containing more than 30% of unsaturated acids." This study, along with 100's of thousands of user driven miles on Soy Methyl Ester in the U.S. would seem to indicate that higher IV values do not necessarily indicate an unsuitable stability property for biodiesel.

CONCLUSION
To try and wrap things up, it is clear that both vegetable oils and biodiesel can eventually degrade thru oxidation. The commonly used measurement for this property, Iodine Value, should be reasonably understood as only a rough guide to a process that is better understood by examining the chemical makeup and breakdown process involved. Alternative properties, specifically OSI and APE/BAPE, more accurately reflect the chemical stability of biodiesel.

Useful websites:

http://www.energyfuturecoalition.org/biofuels/benefits_env_public_health.htm
The biofuels source book sponsored by the United Nations Foundation.

http://en.wikipedia.org/wiki/Biofuel
A lot of useful background data with a multitude of web-links.

http://news.bbc.co.uk/2/hi/science/nature/5353118.stm
A nice overview which shows how the carbon cycle makes biodiesel a renewable and 

sustainable fuel.

http://news.bbc.co.uk/2/hi/asia-pacific/6320285.stm
Two conflicting views on growing palm oil for biodiesel in Indonesia

http://auto.howstuffworks.com/biodiesel1.htm
The benefits and risk from biodiesel and the chemistry of trans-esterification.
Risk Assessment:  Preparation of biodiesel (based on HSE 5 Step)

	Activity assessed
	Preparation of Biodiesel

	Date of assessment
	October 2010

	Date of review (Step 5)
	

	School
	

	Department
	


	Step 1
	Step 2
	Step 3
	Step 4

	List Significant hazards here:
	Who might be harmed and how?
	What are you already doing?
	What further action is needed?
	Action by whom?
	Action by when?
	Done

	Preparation of  potassium methoxide- 

methanol- Toxic by ingestion, inhalation and skin absorption, the effects sometimes appearing several hours later. Liquid and vapour are damaging to the lungs, skin and other organs. High concentrations may damage the central nervous system and impair vision. The liquid and vapour are particularly dangerous to the eyes as methanol has a specific effect on the optic nerve and retina. Prolonged exposure to low concentrations can cause serious illness as it is a cumulative poison. Experimental teratogen. Human mutagen. 

Highly flammable (explosive limits 6 - 37% in air) 

potassium hydroxide - Strongly corrosive solid and solution and very harmful if swallowed. Extremely dangerous to eyes as damage can continue long after the initial pain has subsided. Skin contact causes severe burning with blisters. Skin damage can be deep as even dilute solutions are absorbed. 
 
	Technician (possibly teacher)


	Prepare in fume cupboard

In very well-ventilated area normally but in fume cupboard for large quantities or prolonged working with the compound. Use rubber or plastic gloves and eye protection. Beware repeated exposure FF - VL & WS.

Keep away from flames and all sources of ignition. Pressure can build up in bottles.

 Wear rubber gloves and eye protection, even with dilute solutions. Use goggles to BS EN 166 1 3. (formerly BS 2092C)


	
	
	
	

	Use of potassium methoxide-

toxic and corrosive
	Technician/Teachers/pupils
	Wear rubber or plastic gloves and eye protection, Use goggles to BS EN 166 1 3. (formerly BS 2092C)
	
	
	
	

	Kerosine - Harmful if swallowed. May act as an irritant.
	Technician/Teachers/pupils
	Ensure good ventilation when using.  Wear gloves goggles to BS EN 166 1 3.
	
	
	
	


	Description of activity:

Biodiesel can prepared from both fresh and waste (used) cooking oil by mixing with a concentrated alkaline solution and allowing the glycerol to settle from the resulting FAME (biodiesel). The biodiesel can be separated and then washed and dried. 

Its pH and viscosity can be compared to the original starting oil.

The energy per gramme of biodiesel can be calculated and compared to that of the starting oil by burning samples in apparatus similar to that used for the Enthalpy of Combustion of alcohols.  Care when using the apparatus due to risk of burning.

The energy in the biodiesel can also be compared to that in a fuel such as kerosene.


	Additional comments:

Kerosene can be burned instead of mineral diesel for comparative purposes. 

Mineral diesel must on no account be used in school as it is a banned carcinogen.

See sheets for the design of the apparatus for burning samples and how to make the wick.  Collect all solutions and keep for disposal.


Teacher’s Guide




































































Bio-fuels are a good idea because they can be produced in this country and we don’t need to rely upon other countries that could cut us off.























