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Difficult ideas in chemistry

This extract is based on and summarised from part of Chapter 12 “Difficult Ideas in Chemistry” of Ross, K., Lakin, E. and Callaghan, P. (2004) Teaching Secondary Science. (Second edition) London: David Fulton. Price £17 IBSN 1843121441 

This download shows how the big ideas in chemistry should be used as the basis for structuring learning. Sometimes the details blur the bigger picture - for example pupils may learn how to balance equations but not understand that the process is an expression of the conservation of atoms. 

Fuels don’t ‘contain’ energy

If atoms are the same before and after a chemical reaction, what is the origin of the energy that is often transferred during reactions, either ‘producing energy’ as in burning, or ‘requiring energy’ such as photosynthesis?

It is important to distinguish between matter (measured in atoms) and energy (measured in Joules). On this planet, it is the matter that gets cycled while energy degrades. (see box)

The energy arrives as high-grade photons of sunlight and leaves as low grade infra-red radiation to space. Without this energy balance the planet would not keep its constant average temperature. Recently Greenhouse gases are upsetting the balance – they make it harder for IR radiation to leave, so the surface temperature of the earth has to rise to restore the balance between incoming sunlight and outgoing IR. Another factor we need to consider is the loss of heat from the interior of the earth, partially replaced by energy from natural radioactive decay that occurs deep in the Earth’s interior. Taking this into account the earth actually loses more heat each day than it gains from the sun alone.  

Before we started to use fossil fuels we had to rely on a daily supply of energy from sunlight, which still drives wind and water power and the life processes that power our muscles. Careless talk suggests that these fossil fuels ‘contain’ energy. While it is true that the fuels are at room temperature, so the atoms within them will be vibrating, it is certainly not true that the energy that is transferred when they are used as fuels is contained within the fuel. The same argument applies to food, whose packets proudly proclaim they have an energy content. Consider the bonds between atoms: electrons attract the atoms on each side of the bond. To pull the atoms apart against this electrostatic force requires input of energy. If burning or respiration is to take place we need to separate the bonds of the fuel (eg carbohydrate) molecules and the oxygen molecules to allow them to rearrange themselves as H2O and CO2. The energy transferred during respiration and burning has come from replacing the weak double bond between the oxygen atoms in an oxygen molecule with the much stronger bonds in the oxides. Energy is not stored in the food or fuel, but it is available from the fuel–oxygen system 
For further discussion of this idea see the Unit on Energy – download 2.4

Teaching acidity and the pH concept

The word acid comes from the Greek ‘oxys’ meaning sour, the acid taste. Pupils will be familiar with some natural (organic) acids, such as citric, lactic and acetic, found in lemons, sour milk and vinegar (literally vin= wine and egar=sour – same root as acrid), but they are likely to associate acids with danger and burning. All acids will sting if you have an open wound, but it is the mineral acids, associated with acid rain, derived from non-metal oxides, that cause most damage.

  If you can gain access to the food technology area of the school you can set up a tasting exercise where pupils can use solutions of sugar (sweet), citric acid (sour), salt (salt) and coffee (bitter) to detect areas of the tongue that are sensitive to the four tastes. If sodium bicarbonate is provided as a powder, they can try adding a little to their tongue while the citric acid is there, and notice the acidity is neutralised or ‘cured’. Sugar appears to do the same thing; however, it is only the sensation that is masked, the acidity is still there.

Indicators from red cabbage

Many plant pigments act as indicators, but red cabbage must be one of the best and certainly very easy to make. Keep sachets of red cabbage in the freezer and when required smash them with a hammer when still frozen. Boiling water or cold methylated spirit (hazard) can be used to extract the colour using a pestle and mortar.

  Pupils can put samples of common household products into labelled pairs of test tubes, add water if necessary and arrange them in two test-tube racks opposite each other. The red cabbage extract is added to one rack, and universal indicator (for which a pH colour card is available) in the other. Pupils can then put the tubes in order of pH, according to the universal indicator, and can then make their own pH colour chart for their home-made indicator using universal as calibration. All subsequent experiments can use their own indicator, now that they know the pH corresponding to each red cabbage colour. 

The pH concept – telling the story

At first pH is going to seem a rather funny numbering system, from 0 to 14, with neutral being 7. To make sense of this requires knowledge of the ionisation of water and hydrogen ion concentrations. This is beyond the comprehension of most pupils at Key Stage 3, but it is possible to show them that the scale is logarithmic. For every change of one unit on the scale, the acidity changes by a factor of 10. There are many such logarithmic scales used in science which all need careful introduction (eg Earthquake - Richter, Wind speed - Beaufort, and Sound - decibels)

  Pupils can be given a boiling tube with tenth molar solutions of either hydrochloric acid, or sodium hydroxide. They should have a pH of 1 and 13 respectively. Pupils can then take 1cc of the original solution and add 9cc of water, making it ten times less concentrated. The dilution can be done once or twice more. Using their red cabbage indicator, they will see that each tenfold dilution changes the pH by one unit.

The p in pH represents the ‘power’ of 10 of the Hydrogen ion concentration. In water both hydrogen ion and hydroxide ion concentrations are equal at 10-7 moles per litre, representing about one molecule in 50 million that is ionised in pure water (since a litre of water contains about 50 moles), explaining the poor but slight conductivity of pure water. Thus neutral water has a pH of 7. Each time the concentration of hydrogen ions changes by a factor of 10 the pH changes by one unit. Thus one molar fully ionised acid will have a pH of 0. 

The material from Keith Taber (2002) contains a very useful way of distinguishing between acid strength and acid concentration – if an acid is fully ionised it is a strong acid, but if it is mostly in molecular form (like acetic acid – its smell shows it must be mostly molecular to enable molecules to escape from solution) then we call it a weak acid, and it is never very corrosive. Concentration simply refers to how much acid (whether in molecular or ionic form) is dissolved per dm3)

Acid rain

Oxides of sulphur and nitrogen entering the atmosphere and then dissolving in the rain cause acid rain. Most books start the story from the burning of fossil fuels and consider the damage done to ecosystems. But we need to go further back than that. Again, setting the science in an environmentally important context can motivate pupils to want to understand.

  Sulphur is an essential element to life, brought into plants through sulphate minerals in the soil. During the conditions of high temperature and pressure of fossilisation much of the oxygen and nitrogen in the organic molecules becomes detached but the sulphur atoms remain bonded. Millions of years later it is ready to be released when the fuel burns (Animated in Ross et al 2005 CD – Atmosphere).

  Nitrogen oxides are produced from car exhausts. The cylinders of internal combustion engines are filled with a little bit of vaporised fuel but mostly with air – and this is mostly nitrogen, with some oxygen. Under the conditions of high temperature and pressure, similar to a lightning flash, small amounts of nitrogen join with oxygen forming small amounts of nitrogen oxides. So the nitrogen and sulphur in acid rain is beneficial – it is the hydrogen ions that cause the damage.

Rates of reaction

This topic is another example of how we conspire to make things difficult for pupils. We give them reactions to perform that are obscure and unrelated to everyday life (e.g. marble and acid, thiosulphate and acid) in order to teach them something about how chemical change progresses.

  All around us are the slow reactions of life, waiting to be examined and explored. Our aim is to share with pupils our ideas about what makes a chemical reaction sometimes go fast, and at other times go slow. We hope to develop a collision theory model to explain why reactions go faster when we increase the surface area (of a solid reactant), the concentration (of a reactant in solution) or the temperature.

  We do not need to resort to test-tubes and strange chemicals to experience these effects.

Particle size

   Cooking provides us with the easiest set of examples. Small potatoes, or cut up potatoes, cook more quickly than large ones (whether boiling, baking or making chips). Eggs cook faster when scrambled rather than poached, when made into an omelette rather than fried.

   Warm blooded mammals need to digest their food quickly, so they have crushing and grinding mechanisms called jaws and teeth to ensure the food is in small bits. Contrast this with a snake, which swallows prey whole and needs to wait for days for the digestion process to reach the inside of the animal it swallowed.

   Small twigs burn more quickly than large logs, because the oxygen from the air can reach them more easily.

Concentration

   Bleach is more effective, works faster (and is more dangerous) when used undiluted. This is true for all cleansing solutions. It is better to use washing up liquid neat on oily hands than putting the same amount of liquid into t bowl of water and then trying to clean your hands.

Temperature

Some reactions are very quick – such as the fizzing of vinegar and bicarbonate of soda, but everyday experience can tell you that rates of slow reactions are very sensitive to a rise in temperature. For example:

   For every 10 degree rise in temperature the rate of slow biochemical change approximately doubles. Trees in the tundra (5°C) take 40 years to mature, trees in our temperate woods (15°C) mature in 20 years, and in the tropics (25°C) they take 10 years.

   Milk left in the ‘fridge (5°C) lasts 6 days. In a cool room (15°C) 3 days, in a warm room (25°C) a day and a half, and at body temperature (35°C) less than a day. A similar situation occurs with other food ‘going bad’. Microbial action doubles for each 10 degree rise in temperature. 

These biochemical changes are controlled by enzymes so there is also a maximum temperature, above which the enzymes are denatured, and no reaction occurs. This allows us to sterilise food by heating it above this maximum (boiling is usually sufficient). It also means that trees will stop growing when the temperature rises above 45!

So these are the experiences we can draw on – no need to use obscure ‘chemical’ in the laboratory. We are now ready for the explanation, using the idea that particles must collide if a reaction is to take place.

Collision theory

It is easy to see why a doubling of the surface area or concentration is likely to double the rate of a reaction – we are doubling the number of collisions, and reactions can only occur between two chemicals when their molecules collide.

  There is a problem, however, in explaining the effect of temperature. Many books use the idea of increased number of collisions per second to explain why chemical reactions go faster when the temperature is raised, on the basis that an increase in temperature means that particles are vibrating or moving faster.

This does not go anywhere near explaining what we actually observe. We have seen that for reactions that are slow at room temperature, a 10 degree rise in temperature causes a doubling of rate. According to collision theory we must therefore have twice as many collisions at 20°C than we have at 10°C, but also twice as many again at 30°C as we had at 20°C. We need to examine why this cannot be the case.

At absolute zero (-273°C) particles essentially do not move. Their movement energy is proportional to absolute temperature. Suppose we want to double the energy of our particles in a substance that is at 10°C. First we need to work out its absolute temperature and to find out how hot the substance has to be for its particles to move twice as fast we need to double whatever the absolute temperature turns out to be.

Room temperature is roughly 300K. So doubling that we get 600K – this is about 3000C. However the rate of reaction doubles for only a 10 degree rise in temperature, from 300K to 310K. This is only a 3% rise in temperature, so we should expect only a 1.7% increase in the molecular speeds leading to a similar rise in reaction rate for this tiny temperature rise, not the doubling we actually observe.

  A better explanation is not so easy. We need to realise that not all molecules will be moving with exactly the same energy. Some will be slow, others faster than average. The reason why reactions between molecules in living things are so slow at room temperature is that very few collisions are successful. Existing bonds must be broken before the next ones are made. If every collision resulted in broken bonds, the substances would be highly reactive and unstable. Bonds can only be broken (allowing a reaction to occur) if a collision is particularly energetic, even then enzymes are needed to provide an easier reaction path. Such energetic collisions are very rare, making the reaction slow. A 10 degree rise in temperature only increases the average energy of the molecules by a few per cent, but it can double the number of these particularly energetic molecules, which every so often and by chance, have an energy perhaps 10 times the average. This is sufficient to break bonds and cause the reaction. It is the doubling of the population of these very energetic molecules caused by the slight temperature rise that gives a better model for what is happening.

  Should we use an erroneous model with our pupils if the better explanation is too complex? As long as we always warn pupils that our models and explanation are never true, but are there to attempt to make some sense of our experiences, pupils may be willing to accept ideas, but will be ready to develop and modify them as time passes.

Summary

We need to continually test our pupils to see whether they have grasped these chemical ideas and are beginning to use them. Thus it is no use explaining the constructive (building up of oxides) approach to combustion and respiration in one lesson only, if you later talk about ‘food contains energy’ or ‘energy in a crisp’ in another. Nor should ideas of acids and rates of reaction be confined to bottles of chemicals in laboratories, but rather as a concept to help us explain how everyday chemical changes happen in the kitchen, within living things, and in our whole environment. We must give our pupils much more time to re-interpret, use and apply the ideas they meet in their science lessons. Otherwise they will be learnt for the exams, harvested as a (good) GCSE grade, and promptly forgotten.
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This is a significant resource, produced by Keith Taber and published by the Royal Society of Chemistry and explores many of the misconceptions experienced in the learning of chemistry. Copies were distributed to all secondary schools when the materials were published, should be available in libraries and are still available from RSC.). Trainee teachers who will be covering the chemistry curriculum at GCSE and above really should have access to this very important research, much of which is freely available on line:
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http://wwwcsi.unian.it/educa/inglese/ktaber.html (summary of resources)

http://www.uoi.gr/cerp/2001_February/07.html (full text available as PDF)

Keith Taber’s worksheets to use with pupils can be downloaded from:
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This document can be freely copied and amended if used for educational purposes. It must not be used for commercial gain. The author(s) and web source must be acknowledged whether used as it stands or whether adapted in any way.
<Difficult Ideas in Chemistry> Authored by Keith Ross, University of Gloucestershire. Accessed from http://www.ase.org.uk/scitutors/ date created May 2006
page 6

