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Abstract

This study aims to explore the understandings of a cohort of 52 trainee science teachers who were undertaking a one-year Post-graduate Certificate in Education (PGCE) course at a British University.  A number of practical situations involving liquids and their transition to the vapour state were presented on video.  Understandings were probed, using a written questionnaire.

Findings indicate some interesting parallels between the conceptions of this sample of graduate science trainee teachers and those of pupils learning science in secondary schools.  In some cases highly sophisticated scientific understandings of the phenomena were demonstrated but there were also many instances where ideas expressed deviated from the accepted ‘answer’.  These ‘alternative conceptions’ were sometimes expressed using highly developed scientific vocabulary.  In view of the current very high profile that the issue of teachers’ knowledge has, that science graduates have some very basic science to learn is significant. Implications include the subject knowledge requirements for initial teacher training and the need for a more critical and more humane perspective on the understandings that both teachers and students think they have.

One novel dimension to the study is a significant change in the scientific understanding of the researcher in regard to the perception of fizzing drinks and boiling solutions. This continues to be controversial with both science teachers and with scientists, but it does raise interesting issues about ‘right’ answers.

Introduction

Evaporation and boiling of liquids and the escape of dissolved gases from solution are met frequently in a wide variety of everyday contexts.  The drying up of puddles, the boiling of water and the opening of a bottle of sparkling lemonade are examples.  The concepts are also familiar in the context of science teaching and learning at all levels, but rarely form the major focus of thinking beyond KS3: rather they are more likely to be assumed as part of an accepted background to more complex processes.  However, because these situations represent science content familiar at KS3 it might well be expected that graduate scientists would have a complete familiarity with the processes and a secure qualitative understanding of the models, which underpin a ‘scientific explanation’ of the phenomena. For example, graduate scientists would probably be expected to have no difficulty in explaining the process of evaporation of a pure liquid or a solution at any temperature. Similarly they would be able to explain how a liquid will boil (at a particular pressure) at a fixed temperature (its boiling point) by a consistent application of a ‘simple’ kinetic theory of matter. I well remember my own feelings of inadequacy when, as a newly qualified teacher with an honours degree in chemistry, I was unable to explain qualitatively, and to my own satisfaction, the difference between evaporation and boiling.

An earlier study (Goodwin, 1995) indicated the difficulty which beginning science teachers as well as authors of school science text books have in providing a simple, consistent and coherent explanation of physical and chemical phenomena in terms of random molecular (particle) movement.  The current study focuses upon a much narrower range of phenomena and attempts to explore the ‘facts’ known and explanations offered by trainee science teachers rather more closely.

Studies of children’s conceptions (Osborne and Cosgrove, 1983) provide interesting evidence of the way in which pupils’ ideas change over time. They can also act as a baseline with which to compare the conceptions of scientists and science teachers.  For example, Table 1 indicates the approximate percentages of the age-groups studied which believed the ‘substance’ inside the bubbles of boiling water was steam (water vapour); oxygen/hydrogen; air or heat.

	Bubbles made of
	13 years
	15 years
	17 years

	Steam/Water or Water-vapour
	 8
	10
	36

	Oxygen/Hydrogen
	38
	48
	38

	Air
	26
	25
	23

	Heat
	28
	17
	3


Table 1. What is in the big bubbles you see when water is boiling?  Osborne and Cosgrove 1982, p.829.)

It is clear that even at age 17 only a minority believed that the bubbles consisted (entirely) of steam, although there seems to have been considerable progress towards this ‘correct’ ‘scientific’ view. (See also comment in ‘correct answers’ Table 3) It is also relevant to note that the second answer also seems reasonable (although incorrect in terms of the substances present) if one considers that “Water is a compound of hydrogen and oxygen – H2O”. While the learner is contending with the differences between elements, mixtures and compounds it is hardly surprising that such confusion exists.  However worrying it is that so high a proportion of pupils has this confusion at age17, presumably it will not be a problem with those who have graduated in science?  It is interesting to compare these data with those gathered from the graduate scientists given in Table 4.

The Sample

All of the respondents (n=52) were a cohort of science graduates in the final stages of a one year Postgraduate Certificate in Education course.  The general characteristics of the group are described in Table 2 below. The results from an earlier small-scale pilot study (n=13) are given in brackets (The pilot study was done in partnership with Javeriana University, Bogota Colombia. A report has been published (Goodwin and Orlik, (2000)).









Sample Size N = 52 (13)
	Gender
	Male = 40 (23); Female = 60 (77).

	Subject
	Physical Science = 38 (46); Biological Science = 62 (54).

	Level of Qualification
	PhD = 16 (24);   1st Honours = 18 (15);                          

2 (i) Hons = 24 (37);  2(ii) Hons = 24 (24);

III Hons = 6 (0);      Pass degree = 4 (0).


Table 2: Science qualifications of respondents, as percentages, in the main study (and the pilot).

Methodology:

In order to provide a consistent stimulus to the explanations from the participants, a short video was made.  The scenarios of the six video-sequences are listed below.

1.
Evaporation:  Equal volumes of hexane (light petroleum) and water are left exposed in open beakers under the same conditions for about three hours. Each beaker was initially about half full.

2. ‘Forced’ Evaporation: Air is blown through about 10cm3 of hexane in a 50cm3 beaker that is standing on a piece of wet wood.  The beaker becomes frozen to the wood.

3. Boiling Water: Water is heated in a beaker until it boils.

4. Reducing the pressure over water at room temperature: Air is extracted from a flask of water with a rotary vacuum pump until the water ‘boils’. 

5.     Water in a syringe: A small amount of warm water – about 40oC - is sealed in a plastic syringe and the plunger pulled upwards until bubbles are seen. (In the video sequence a small bubble of air had been inadvertently left in the syringe.)

6. Opening cans of cola: Two identical cans of cola are left undisturbed at room temperature. Both are opened carefully, but the second is shaken vigorously immediately before opening and the first is not.  The affect of shaking is clear since much of the content of the second can is ejected forcibly from the opening.

The first scenario seeks to probe understanding as to why hexane (which has more massive and thus, slower moving molecules on average at any given temperature) evaporates more rapidly than water under the same conditions. All of the other scenarios involve bubbles in some form or other, together with evaporation and/or condensation and these serve to focus on the more specific notion of ‘boiling’.

The Process:

After viewing each section of the video the participants completed a short questionnaire, which asked them to answer questions and to explain their answers as far as possible.  The questions were pre-tested in a pilot run with a small number of students from the previous cohort of trainee teachers. At this stage questions 1.3 and 4.1 were each split into two questions and questions 3.4 and 6.4 were added for the main study. The full set of questions is listed in the next section (Table 3) together with the percentage of answers, which were ‘correct’ (deemed to be consistent with the ‘scientific’ model.)  A ‘correct’ answer was counted even if subsequent explanation indicated the presence of ‘alternative conceptions’.  The notes with each question in Table 3 indicate the author’s perspective on the ‘correct answer’. These could be controversial and clearly affect the marks awarded if they are felt to be ‘wrong’. The first figure in the ‘question number’ corresponds to the scenario listed in the previous section above. Subsequently the range of responses is exemplified and discussed.  In this report most of the examples are taken from the main study. The results in this paper were shared with all participants and used as a focus in follow-up discussions. Some of the author’s answers gave rise to vigorous debate especially from those arguing that:

· the temperature of a liquid remains constant when evaporation takes place (Q 1.4),

·  the pressure inside a ‘Coke’ can must increase when the can is shaken (Q.6.3)

·  that fizzing drinks are NOT boiling (Q 6.4).

Results:

All quotations given in italics are taken directly from the written responses.

Table 3: Questions used in the study and the percentage ‘correct’ responses given in the main study (N=52) and the pilot (N=13). The annotations after the question are indicative of the answers considered ‘correct’ by the author.

	
	Question
	Main Study
	Pilot

Study

	1.1
	Where have the liquids gone? (‘evaporated’, ‘vaporised’ and/or ‘into the air’ were accepted)
	100
	100

	1.2
	Explain why more hexane evaporated than water. (‘More volatile’ or ‘lower boiling-point’ accepted  - many included a brief kinetic explanation.)
	92
	92
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1.3a
	Which molecules are larger? (Hexane.)
	94
	   68

	1.3b

	Which
do you think should escape faster? (Water. Hexane was accepted if there was an explanation in terms of H-bonding between water molecules.)
	58
	

	1.4
	How does the temperature of a liquid change when evaporation takes place? (Temperature falls / liquid cools.)
	31
	46

	2.1
	What effects do the bubbles of air have on the evaporation of hexane? (Increase rate of evaporation – due to increase of surface area / prevention of re-condensation.)
	75
	84

	2.2
	Is the hexane boiling?
(No.)
	73
	100

	2.3
	Why does the water freeze? (Because of cooling to below its freezing point caused by evaporation of hexane.)
	73
	92

	2.4
	Where does the condensation on the outside of the beaker come from? (From the condensation of water vapour from the air.)
	87
	100

	2.5
	Would it still appear if there were no water on the wood? (Yes.)
	92
	84

	3.1
	Sketch a graph of the way the temperature changes. (A steady rise with time followed by a plateau – probably marked 100oC.)
	92
	100

	3.2
	What do you think is in the very small bubbles you see at first? (Air / Oxygen: Nitrogen with water vapour.)
	60
	77

	3.3
	What is in the big bubbles you see when the water is boiling? (Water vapour / steam. Air NOT acceptable.)
	50
	46

	3.4
	Where does the condensation on the outside of the beaker come from? (Water vapour formed by combustion of hydrocarbon gas in the flame.)
	79
	n/a

	3.5
	What do you think is the cause of bubbles from the side of the beaker? (An imperfection in the glass acting as a nucleation site for bubbles.)
	37
	92
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4.1a
	Is the water hot?  (No.)
	92
	 

	4.1b
	Is it boiling? (Yes.)
	73
	

	4.2
	What is in the large bubbles?
(Water vapour / steam. Air NOT acceptable.)
	45
	38

	4.3
	How does the temperature of the water change? (Cools as boiling proceeds.)
	31
	38

	5.1
	Would this still work if a small bubble of air were not left in the
syringe? (Yes.)
	38
	23

	5.2
	What change of temperature – if any –would you expect as the plunger moves up/down? (Cools as plunger moves up.)
	29
	53

	6.1
	What gas is mainly involved? (Carbon Dioxide.)
	100
	100

	6.2a
	Is pressure the same before shaking?
(Yes.)
	98
	100

	6.2b
	Is pressure the same after shaking (one of the cans.)? (Yes.) (There is a minuscule rise in temperature as energy is dissipated within the liquid but this is insufficient to cause an appreciable change in pressure.)
	18
	0

	6.3
	Why does shaking make so much difference to the result when opening? (Small bubbles are distributed in the liquid by shaking. These act as nuclei and allow many bubbles to grow within the body of the liquid when the can is opened, thus ejecting much some of the contents.)
	8
	0

	6.4
	Is the fizzing cola boiling? (Yes.)
	4
	n/a


The Figure 1 below displays the percentages of respondents in the main study who offered a ‘correct response’ not necessarily followed by a ‘scientific’ explanation.


Figure 1: % correct responses from main sample (N=52).

It is worthy of note that the mean scores for biology specialists (58%) were lower than those given by physical scientists (71%). This is, perhaps to be expected given the lower emphasis given to the kinetic aspects of molecular theory on most biology courses. The difference is highly significant statistically and application of the Student’s t-test to the data (p=0.00018) indicates that the possibility of the difference occurring by chance is less than 1 in 5,000. Biologists produced much lower scores on  items 1.3a, 2.1, 4.1b, 4.2, 4.3, 5.1, 5.2 and 6.3. Physical scientists also were also more likely to offer explanations in molecular terms, to make them longer and to use more technical words.

Scenario 1:
Evaporation from an open container.

The general concept seemed unproblematic, although many respondents just used the technical word e.g. ‘evaporated’ or ‘vaporised’ into the air/atmosphere’ rather than offering a molecular explanation.

“The liquids have vapourised – there has been a change of state from liquid to gas. The gaseous states of the vapourised hexane and water will have dispersed by diffusion into the surrounding air.” (Phys.)
The explanation of why hexane evaporated more quickly than water was again often given by a technical term ‘petrol is more volatile’ ‘petrol has a lower boiling point’.  A few respondents who attempted a fuller explanation showed unexpected views.

“Hexane evaporates faster because the molecules are larger”(Biol) (presumably a greater mass of hexane is lost per molecule which escapes?)

“Small molecules escape faster, therefore there are larger molecules in water.” (Chem.)

“The longer molecules i.e. hexane more collisions.” (Phys.)


(True, but it is not clear how this affects the evaporation rate.)

A few may imply that there is a chemical reaction involved:

“Hexane has evaporated. It is more reactive than water, i.e. the hexane molecules are smaller (sic.) and have more free energy ((G). (Biol.)

“Hexane breaks down and evaporates faster as less stable molecules.” (Biol.)

Fairly sophisticated ‘right answers’ that imply that water with a much smaller molecular mass would be expected to evaporate more quickly than hexane, but does not do so because of strong intermolecular attractions (H-bonds) include: 

“Petrol molecules are larger and in effect the water should escape faster.  However, H-bonding is stronger in water than petrol.” (Chem.)

“Water should escape faster as the molecules are smaller, but hydrogen bonding raises the boiling point of water – more energy needed for the molecules to escape.” (Biol.)

Most difficult seemed to be the question of temperature change due to evaporation - question 1.4. Just less than one third of the respondents gave the expected answer - the temperature would fall.  The fact that this proportion was so small was surprising, especially given the numerous examples of cooling by evaporation which abound e.g. evaporation of ‘sweat’, wind chill factor and its use in refrigeration.  

The majority ‘getting it wrong’ seems to have a clear belief that the temperature does not change when the ‘state’ changes. In relation to changes taking place at the melting or boiling points, they seem to have been taught ‘that changes in state and of temperature cannot occur at the same time’.  As a teacher I certainly used these words in respect to liquids boiling and solids melting.  Perhaps respondents learned the words, but forgot the context! 

“There is a temperature at which a liquid evaporates.  It stays at that temperature until it all evaporates.” (Biol.)

“Liquids reach their boiling point and then get no hotter so they begin to evaporate.” (Biol.)

“Temperature remains the same when changing state i.e. liquid to gas.” (Chem.)

“No change in temperature at the point where it changes state.” (Chem.)

“Energy goes into evaporation rather than increasing temperature until 
it has changed state.” (Phys.)

Some are struggling with competing ideas.

“Not at all - though this assumes thermodynamic equilibrium (process allowed to proceed infinitesimally slowly).  If evaporation takes place there will be temperature gradients within the liquid.” (Phys.)

“It doesn’t actually change, but it occurs at the surface - those molecules with energy are released at the surface.” (Biol.)

“It doesn’t - surface molecules do get extra KE so they can leave.” (Biol.)

A small number believes in a temperature increase, no explanation is offered.

“Heats slightly giving energy for further bonds to break and vapour or gases produced.” (Biol.)

There were also some sophisticated and largely ‘correct’ explanations, although these could still stimulate discussion.

“The temperature of the liquid falls when evaporation takes place because energy is required for evaporation.” (Biol.)

“The temperature of the liquid lowers due to the removal of particles with higher energy (with evaporation).” (Chem.)

“If the liquid is thermally isolated from its environment then heat will be lost from it as vapour is formed.  The temperature will drop.  If heat from the environment is allowed to enter the liquid, then it will stay at the same temperature as the environment.” (Chem.)

“The heat energy required to make surface particles evaporate comes from the body of the liquid or the container.  This causes the body of the liquid to lose heat energy and cool.” (Chem.)

Scenario 2:
Forced Evaporation.
75% indicated that blowing air through hexane ‘increased the rate of evaporation’.  Alternative views as to the effect included:

“Increases the energy in particles and allows more to evaporate.” (Biol.)

“… gives energy to molecules to evaporate – breaks bonds.” (Biol.)

“the hexane is cooled – evaporation is lowered.” (Biol.)

“decreases it.” (Biol.)

“not sure the video didn’t say how much hexane started and how much was left over.” (Biol.)

“takes heat away.” (Biol.)

“helps the hexane molecules overcome the energy barrier to evaporation.” (Phys.)

.

The majority was able to suggest that the increase in evaporation is related to the increase in the surface area.

“…there is a greater surface area for the hexane to evaporate into” (Biol.)

“Makes it faster – greater surface area for evaporation.  As air escapes takes hexane vapour with it so is replaced more quickly” (Chem.)

“Enables evaporation to occur at bottom of beaker into air bubbles” (Phys.)

But is the hexane boiling?  Everyone in the pilot study said it was not, as did 73% of the main study. 

“No – it is the bubbles from the pump that give the appearance of boiling” 

“No – for it to be boiling it would have to be at its boiling point” (Chem.)

“No – I would reserve the word boiling to refer to the evaporation of a liquid at thermodynamic equilibrium” (Phys.)

“No – its temperature is decreasing” (Phys.)

However:

“Technically yes.  Not at atmospheric b.p. normally quoted in books, but changing state from liquid to gas” (Chem.)

“No heat has been applied but it must have boiled to evaporate” (Chem.)

None of the biologists in the sample offered any extended observation or explanation on this point.

The question ‘Why does the water freeze?’ was, in retrospect, a bad one and gave rise to some extended explanations which were not intended, e.g. “Heat is transferred from the water to the beaker containing hexane because of temperature gradient. “Kinetic energy of water molecules decreases and they arrange into a regular crystalline arrangement resulting in solidification” (Phys.)

All of those who gave an answer related this to cooling caused by the evaporation of hexane were given the mark.  It is interesting to compare the answers to this question with those given earlier to question 1.4 (change of temperature when liquids evaporate.)

Of the 26 extended responses, which indicated cooling in this section, 11 had stated that temperature did not change when evaporation occurs.  Moreover four of the 11 referred to an endothermic reaction in the beaker which suggests that maybe they think that more than evaporation is taking place.

The respondents were generally comfortable with the idea that condensation on the outside of the beaker came from moisture/water vapour/humidity in the air and not just from the wet wood.  However, the respondent who believed (question 1.4) that the temperature increased when evaporation occurred remained true to that view.

“The increased temperature of petrol evaporating makes the ‘frozen’ water melt”.

Scenario 3:
Boiling Water.

All but two provided a sketch graph, which showed a gradual increase in temperature which then flattened out at some temperature – generally labelled as 100oC.  Also most of those attempting an answer to question 3.2 indicated that the tiny bubbles first seen were probably of air or oxygen (often with water vapour).  One response, however, gives pause for thought:

“Water vapour due to evaporation at lower temperature boiling point”. (Chem.)
 What is in the big bubbles you see when water is boiling? Q 3.3

These results (Table 4) connect very closely with the reported results of children’s conceptions (Osborne & Cosgrove, 1983) and should be compared with those presented in Table 1.

	Bubbles made of
	Post graduate

	Steam/Water or Water-vapour
	50%

	Oxygen/Hydrogen
	25%

	Air
	21%

	Heat
	2%


Table 4. What is in the big bubbles you see when water is boiling? (Main sample N=52)
One of the graduates provided a further option:

“When the water is boiling the large bubbles contain nothing i.e. they are a vacuum.” (Phys.)

Bodner (1991) found that around 70% of his graduate students gave the ‘correct’ answer – only water vapour - but then he used a different frame for the question and all his respondents were chemists.

Most identified the source of the water vapour condensing on the beaker as a product of combustion from the Bunsen flame.  There were some alternatives, however:

“Water vapour condenses on the beaker from inside the beaker. Outside is colder than inside”. (Biol.)

“Water vapour released from beaker losing energy and condensing.” (Chem.)

“Water vapour in the air – heated up by the Bunsen and condenses as it touches the cooler beaker.  Disappears when beaker heats up.”  (Chem.)
“If the atmosphere has reached saturated vapour pressure then as the beaker is less than 100oC water will condense on it.” (Chem.)
At the pilot stage almost everyone suggested that the small stream of bubbles is caused by ‘an imperfection in the glass surface’, which ‘causes little bubbles to form’ or ‘provides nucleation sites for the bubbles’. In the main study an equally common answer (which was not marked correct) was that the surface of the beaker at that point was a ‘hot spot’ due to uneven heating.

Scenario 4
: Reducing pressure over water at room temperature.

The first question in this section had been ambiguous on the pilot, and thus was given as two separate items in the main study.  The majority, as can be seen from Table 3 and Figure 1, was clear that the water was boiling but was not above room temperature.

Compared with the bubbles in water boiling normally (question 3.3) even fewer believed that water vapour was the only constituent.  ‘Air’ was a slightly more popular answer.  Our physicist remained firm (confirmed?) in his belief in his vacuum hypothesis.

“There is a vacuum inside the large bubbles.  Since air has been evacuated from above the water, the force on the water upwards is greater than that downwards and so the surface becomes disturbed, creating bubbles.” (Phys.)

The final question in this scenario (4.3) confirms that most do not see the process as an endothermic one. For many it is another situation in which ‘the temperature and state cannot both change’.  Responses are generally consistent with those given earlier. (c.f. Q. 1.4)
Scenario 5:
Water in a syringe.

This is fundamentally little different from the previous scenario.  Pulling out the plunger of the syringe provides a much simpler way of reducing the pressure over the surface of the water.

Some of the answers to the question about the need to have a small bubble of air inside the syringe are illuminating.  (There is, in fact, no need to have this bubble – indeed the demonstration of boiling might be better without it.)

For many its presence was highly significant and seems to be connected with some of the conceptions discovered earlier.  Would it work without the air bubble?

“No. You need air to form bubbles.  There is reduced pressure because the volume inside the syringe has increased.” (Biol.)
“No – needs evaporation surface.” (Biol.)
“No, there would be a vacuum inside the syringe.” (Chem.) 
Six respondents stated that it would be impossible to move the plunger outwards if the air bubbles were absent. However:

“Yes – water can still change state.  It is irrelevant whether air is present or not”. (Chem.)

“Yes, though it would be harder to withdraw the plunger as initially there would be the full atmospheric pressure to work against.” (Phys.)

The perceptions about the change in temperature as the plunger moves in or out were consistent with those previously explored.  (One person brought in the idea of friction in the moving plunger producing heat.)

Scenario 6:
   Opening cans of ‘Coke’.

There is almost total agreement among respondents that the major gas involved in this situation is carbon dioxide and the pressure in the two cans is identical before one can is shaken. 

      “Yes, assuming that both cans are identical and at equilibrium.” (Chem.)

 So clearly does the shaking of a can of coke prior to opening it lead to an almost explosive result when the ring is pulled, that there seems to be little need for persuasion that the pressure has increased. Less than 20% of the group believed that the pressure remained unchanged on shaking. It also seems clear that energy was transferred to the can by shaking and that this ‘must be’ the basis of the explanation.  Putting in energy leads to an increase of temperature and thus an increase of pressure. The following exemplify the ‘wrong explanations’ to account for a pressure increase given by the 80+% to question 6.3:

“No, the one which has been shaken has the greater pressure.” (Chem.)

“No, as some of the carbon dioxide came out of solution in the cola.” (Chem.)

“Shaking degasses the coke” (Chem.-pilot)

“The solution is supersaturated with carbon dioxide” (Chem.-pilot)

“No, there will be more gaseous carbon dioxide in the shaken one and hence greater pressure.” (Biol.)
“Carbon dioxide dissolved in the coke is released by shaking.” (Biol.)
“Carbon dioxide is dense and is at the bottom of the can. After shaking it the carbon dioxide rises.” (x2) (Biol.) (Liquid carbon dioxide?)

“By shaking the can one increases the temperature of the liquid so that the carbon dioxide gas bubbles increase in size. . . .” (Phys.)

“When you shake, energy in the can varies the solubility of carbon dioxide.” (Biol.)

“Gives energy to release carbon dioxide from solution.” (Biol.)

“Dissolved carbon dioxide is released as a gas. As the can is sealed there is an increase in pressure.) (Phys.)

‘Unfortunately’ the amount of energy transferred to the system is infinitesimal compared with that which would be required to produce a significant increase in temperature/pressure. Thus, the ‘correct’ explanation must be based on the rate at which gas is enabled to escape from solution by allowing the solution to ‘boil’ vigorously by virtue of the very small bubbles which are distributed throughout the liquid and which act as nuclei for the formation of larger bubbles.  (See Deamer and Selinger, 1988). Only one respondent produced a kinetic explanation but he predicted an increase in pressure. The rapid expansion of the small bubbles and the increased net evaporation into them does not occur until after the can is opened.

 “It causes small bubbles in the liquid, which allow carbon dioxide dissolved in the liquid to evaporate into what is essentially a greater surface area/volume of head-space. The pressure of the headspace increases and is released when the can is opened causing frothing. The frothing occurs because the carbon dioxide is encouraged out of solution more readily.” (Phys.)

Even more controversial is the suggestion (q 6.4) that the fizzing cola might be boiling. This I believe is the ‘correct’ answer to the final question. Few people - including professors of chemistry, reviewers for J.Chem.Ed and respondents to this questionnaire believe the cola is boiling. I am now convinced that fizzing drinks are examples of boiling solutions. This idea came as a surprise to me as the realisation only arose whilst writing up the results of the pilot study. Question 6.4 was added for the main study. Only two (4%) of the research sample agreed that the cola might be boiling and neither of these gave any explanation. There is clearly a debate still to be had (see Goodwin 2001), but in this context I have to choose a ‘correct answer’ in order to give a score for the item.

The most common objections given to the idea that fizzing cola is boiling is that there is ‘simply a release of gas’ and that ‘the cola itself is not changing state’. (Surely the carbon dioxide is one of the ingredients of the cola solution.)

“No. The cola is just releasing a gas that has dissolved in it, it is not changing state itself.”  (Biol.)

“No. It is dissolved gas inside the cola.” (Biol.)
“No. It’s just the dissolved carbon dioxide that is coming out, it’s got more energy faster as high pressure goes to low pressure. (Biol.)
“Cola isn’t turning into a gas.” (Biol.)
“No. Carbon dioxide is bubbling through the liquid.” (Biol.)
“Carbon Dioxide ‘escaping’ evaporating into air. Cola stays where it is?” (Biol.)
“The cola appears not to change state only to be forced out by the escaping carbon dioxide.” (Chem.)
“No. Only a small proportion of the gas in the bubbles is water, which is the major constituent of the cola. The effect is caused by the carbon dioxide coming out of solution rather than the liquid evaporating to any great extent.” (Chem.)
Some return to the criterion that the liquid has not been heated:

“Air is released: no/little temperature increase.” (Biol.)

“No. The cola has not been heated.” (x3) (Biol.)

“No. Because no heat has been added, it has just been shaken which has released the carbon dioxide from the liquid.” (Biol.)

“Not in the conventional sense of heat/temperature and boiling point at atmospheric pressure. Same explanation as the evacuated flask.” (Chem.)

It seems in general, that it is difficult for us to see carbon dioxide as an integral part of the system or solution that might be boiling.

“I would reserve the word boiling to refer to the evaporation of liquid (solvent) at the point where its saturated vapour pressure has reached external pressure. I don’t believe the vapour pressure of the water in the cola has reached atmospheric pressure.” (Phys.)  

(Then neither do I, but the SVP of the water plus that of the dissolved carbon dioxide have reached atmospheric pressure. Indeed at the point the can was opened the SVP of the solution considerably exceeded the pressure of the atmosphere – the solution was ‘superheated’ and ‘supersaturated with carbon dioxide.) 
4.0 Discussion

The current focus on “teachers’ own subject knowledge” is highlighted in England and Wales by the publication by the Department for Education and Employment (DfEE 1998) of detailed standards of science knowledge which must be attained before qualified teacher status can be attained. There is now a requirement for auditing (possibly testing) these and an emphasis on these processes during inspection. A major concern signalled here is that if high quality science graduates struggle with basic facts and ideas, which they learned at school, then intending primary school teachers, most of whom gave up formal study of science after passing examinations at 16+, are likely to have greater problems. As it is a formal requirement they will learn science in order to pass whatever test may be set. However, I would contend that unless this learning has personal significance, or immediate professional relevance for teaching a known group of pupils the learning will be ineffectual and the time and effort of all concerned will be wasted. It seems that we may be in danger of extending the ‘negative’ influence of the science national curriculum for schools (Jenkins, 2000) even further with the introduction of a science national curriculum for initial teacher training. 
“A substantial proportion of teachers judge the national curriculum in science to be insufficiently flexible to allow them to meet the needs of all their pupils and provide them with an enjoyable scientific education.”
If there is a parallel to draw here it seems that student teachers will enjoy learning science less and tutors will be much less enthusiastic towards teaching it.

The knowledge statements provide an excellent framework for development, but they are problematic as standards and dangerous as a straitjacket. The model of teacher education being advocated from above in England and Wales seems to be in marked contrast to a meaningful, reflective and constructivist, approach to the preparation of primary science teachers. An example was recently described and evaluated (Kelly, 2000). If we are to attract and retain high quality teachers it is imperative that they are trusted as professionals to engage in learning appropriate to their teaching – they cannot be expected to know it all in advance.

It must be stressed that there is no intention in this study to denigrate the subject knowledge of science graduates nor do I believe that the experience sapped their own confidence in their science understanding.  All participants in the study are successful scientists (see Table 1) and 90% are now fully qualified science teachers in secondary schools. 

They were ‘unprepared’ for the questions they were asked and it is unlikely that any of them had considered qualitative explanations of these ‘everyday’ situations of evaporation and boiling since they were themselves in secondary school. Such a context is realistic for intending teachers (or parents) since children rarely give notice of questions such that the adult has appropriate opportunity to prepare an answer. It is important to realise, however, that they had not prepared to teach this topic and thus the ‘alternative conceptions’ uncovered are unlikely to be exposed in a classroom context. Thus, although a significant initial knowledge gap was demonstrated between the biologists and the physical scientists on this topic I do not believe it follows that biologists would teach less effectively or less accurately about evaporation and boiling. This would depend much more on the quality of their preparation and developing experience of the applications in science teaching.

From the quotations given in the previous sections it is possible to detect a number of strategies that we all use when taken off guard by a question, assuming we have not practised this and could not give a well articulated answer (if indeed, this is a proper response) at an appropriate level for the questioner:

· give a brief descriptive statement of the question and hope that it acts as an explanation

· use a technical term which we know/believe/hope is appropriate to the question. (This may be with the intention of closing down further discussion.)

· quote a general ‘rule’ which is then applied to get the answer

· tell the questioner that he/she is not yet old enough to understand the explanation (or that the subject is not on the syllabus) – this option was not, of course, open to the to the respondents in this research.

· Or we can negotiate and learn with our students.

The intellectual challenge, which these situations provide to a teacher, is effective in promoting learning by the teacher.  Teachers’ learning is a continuous process, which requires constant and critical review of explanations offered by both learners and teachers. It seems that this ‘learning by the teacher’ might be equated to the acquisition of ‘pedagogic subject knowledge’ (Shulman, 1986) although it seems to me that it is equally closely related to the teacher’s personal understandings of science. The development of a consistent explanatory framework is one of the goals of science. However, by whatever means, each individual first has to construct a meaningful framework for him/herself including those aspects, which are significant to him/her. (Ausubel, 1978) This is neither a trivial process nor an easy one for a beginning teacher to have to cope with, especially at the same time as building relationships with pupils and learning to manage the class.  To admit to ‘not knowing’, or to risk getting the answer wrong, requires confidence and this is undermined by the expectation that a science teacher already knows the right answer. Teachers should be encouraged to celebrate learning rather than to feel guilty that they did not ‘know it’ beforehand. (Clearly this does not give licence to teachers to avoid careful and accurate preparation for lessons they are scheduled to deliver.) Outside particular (and fairly narrow) fields of expertise we all have experiences and know of phenomena which, although explicable, have yet to be fitted into our framework. This is an important perception (Levy-Leblond, 1992) that:

“There is no single general knowledge gap between scientists and non-scientists, but there is, instead, a multitude of specific gaps between specialists and non-specialists in each field.”   (p.17)

Thus, it is not surprising that science teachers exhibit the same range of conceptions as pupils or other adults who are prepared to articulate explanations. It is a common experience that teaching, and preparing to teach, are the most powerful means of learning. Hopefully, this was the experience of the respondents, as it has been for the researcher. An unexpected comment from one of the respondents gives some indication that this was the case:

This has been “An illustration of needing to continue learning and that science ‘out of context’ can be easier than science ‘in context’ i.e. in the real world. Thanks, only the fool thinks he’s a wise man.” (Chem.)
Of particular significance to me has been the insight gained regarding boiling and fizzing drinks. About half the scientists and science teachers with whom I have discussed this are convinced – the other half are not! The arguments are not really accessible below A-level and undergraduate courses (Goodwin 2001) but discussions have raised uncertainties for me about:

· The distinction between chemical and physical changes.

· When does an attraction between ‘molecules’ qualify as a ‘chemical bond’?

Even ‘right’ answers will need to be re-examined critically and possibly revised at later stages – as learning continues.
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