2.4 Rate and Extent of Reaction

Here you have a chance to ask some more sophisticated questions about chemical reactions, such as: How fast is a reaction? How can we measure the speed of a chemical reaction? What factors affect the speed of a reaction? How can we change the speed of chemical reactions, and under what circumstances would we want to do so?

Consider some examples of chemical reactions. 

· Rusting of iron

· Hardening of concrete

· Fermentation of sugar to produce alcohol during wine making

· Bubbles being released when vinegar is added to sodium bicarbonate
· A dynamite explosion in a mine

Are some of these reactions slower than others? Which would you think is the fastest, and which the slowest? Put them is order of slowest to fastest. You have probably realised that some reactions occur much more rapidly than others. In the examples given above, the slowest reaction is probably the rusting of iron which can be very slow (depending of the amount of water or humidity available), fermentation of sugar is a bit quicker, taking weeks rather than months, hardening of concrete takes a day or two while the bubbles are released as soon as the vinegar comes into contact with the sodium bicarbonate. What we are looking at is called the rate of reaction. This is a measure of how fast or slow something is.
Activity 1: What does rate mean?

In this activity you have a chance to think about some examples so that you can get a clear understanding of what is meant by rate of reaction.

1. Consider the following examples and decide on the rate of each activity:
a. A driver travelling from Durban to Cape Town by car covers a distance of 1635 km and takes 15 hours and 45 minutes.
b. A driver travelling from Gauteng to Cape Town in a car covers 1398 km and takes 14 hours and 10 minutes.
c. Filling a car with petrol with 55 litres takes 5 minutes
d. Filling a swimming pool with 30 000 litres takes 63 hours
e. A multicopy machine can print 75 pages in 3.4 minutes
f. A modern printing press can print 50 pages in 36 seconds
2. Which is faster: a or b; c or d; e or f?

3. What procedure have you used to determine the rate of each activity?

4. Can you write a general definition for the concept of rate?
5. Now consider the following chemical reaction:







a. Write a balanced equation for this reaction. Show the state symbols.
b. Can you think of 4 different things you could measure to describe the rate of this reaction?

c. What units would you use to measure your results for each of the four possibilities?

d. Which of the four options would be the easiest to measure? Why?
e. Can you describe a way in which you could conduct this experiment?


Formative assessment: 
Assess the performance of your group using the following checklist.

	At the end of this activity our group was able to:
	Yes
	No

	Write a balanced equation for the reaction
	
	

	Remember the state symbols and what they mean
	
	

	Understand which possible measurements could be made to describe the rate of the reaction
	
	

	Understand how to choose the units of measurement fro each possibility
	
	

	Choose the easiest option for measurement and give suitable reasons
	
	

	Describe a possible experiment that would enable us to measure the rate of the reaction.
	
	


Answers:

1. In order to be able to compare rates one needs to express the speed of the activity (i.e. the change that is taking place) per unit time measurement (hours for examples a and b, minutes for the other examples).

2. Rate = change per single unit of time.

a. Zinc   +   hydrochloric acid     →     zinc chloride   +   hydrogen
Zn(s)   +   2HCl(aq)     →     ZnCl2(aq)   +   H2(g)
b. One could measure the following:
· the rate at which the zinc is used up (amount used up per minute)
· the rate at which the hydrochloric acid is used up (amount used up per minute)
· the rate at which the zinc chloride is produced (amount produced per minute)
· the rate at which the hydrogen gas is produced (amount produced per minute)
c. The units would be the following:

· grams (or mg) per minute

· ml per minute

· grams (or mg) per minute

· ml per minute

d. The amount of hydrogen produced is released as bubbles so it could be collected and measured. All the other reactants and products remain in solution and so are not easily measured – they would have to be separated from one another first.
e. A possible method is to conduct the experiment in a container closed with a cork through which a tube is inserted. The tube can then be attached to a syringe that can be used to measure the volume of the released gas. 
Another possible method would be to conduct the experiment in an open container on a balance. As the reaction proceeds the gas will escape into the atmosphere and the mass of the reaction vessel plus contents would decrease. Therefore the changing mass over time would give an indication of the mass of gas produced over time.


Got it: The rate of a reaction is the speed of the reaction and it can be measured as follows:

· The amount of reactant used up per unit time or

· The amount of product formed per unit time
The rate of a reaction can be measured by the rate at which a reactant is used up, or the rate at which a product is formed.

The temperature, concentration, pressure of reacting gases, surface area of reacting solids, and the use of catalysts, are all factors which affect the rate of a reaction.

Chemical reactions can only happen if reactant particles collide with enough energy. The more frequently particles collide, and the greater the proportion of collisions with enough energy, the greater the rate of reaction.

Measuring reaction rates

Different reactions take place at different rates. Reactions that happen slowly have a low rate of reaction, for example rusting or weathering of stone buildings. Other reactions can take place quickly. These reactions have a high rate of reaction, for example explosions and fireworks. 
There are two general ways in which reaction rates can be measured:

· The rate at which a reactant is used up during the time that the reaction needs to take place

· The rate at which a product is formed during the time that the reaction needs to take place

Which method you used is determined by the nature of the reactants and products and the type of reaction that is involved. The question you need to ask is: Which is the easiest thing to measure in this reaction?

What exactly can be measured?

· The changing mass of a reactant or a product (mass reduces for a reactant and increases for a product).

· The volume of a gas that can be collected as it is released during a reaction.

Some possible ways of setting up experiments

1. Measuring the volume of gas released during a reaction

[image: image1.png]



A syring is useful because the volume of gas can be measured directly from the graduations on the syringe over measured time intervals, e.g. each minute.


2. Measuring the reduction in mass of a reactant
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The gas product is allowed to escape, so the overall mass of the vessel plus its contents reduces. This is a measure of the mass of product forming over time.
How is the information used?

Let’s say you are measuring the volume of gas being released. You need a timer and a graduated collection vessel for the gas. Then at regular intervals, say each minute, you will read the volume of the gas in the collection vessel. This information is then plotted on a graph where the x-axis (horizontal axis) represents time and the y-axis (vertical axis) represents volume of gas.
A typical reaction rate graph for a fast and a slow reaction looks like this:
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The rate of the reaction can then be calculated with information obtained from the graph:

Rate of reaction = amount of product formed (cm3) /time taken (min)

If measuring the disappearance of a reactant (by mass) the formula for calculating rate of reaction would be:

Rate of reaction = amount of reactant used (g) /time taken (min)

So, for example, if 2.5 cm3 of a gas was produced in 2 minutes for a particular reaction, the reaction rate would be determined as follows:                   
        Rate of reaction = amount of gas formed (cm3) /time taken (min)



  = 2.5 cm3/2 min




  = 1.25 cm3/min

Factors affecting the rate of a reaction
There are a number of factors that can affect the rate of a reaction. 

The major factors that increase the reaction rate are:

· You can increase the temperature at which the reaction takes place.

· You can increase the concentration of one of the reactants. If a solid and a liquid are reacting together one usually increases the concentration of the liquid.

· You can increase the surface area of a solid reactant.

· If the reactants include a gas you can increase the pressure of the reaction mixture.

· You can add a catalyst to the mixture of reactants.

The reaction graphs will change as shown in the following diagrams:
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The steeper the line (called the slope) on the graph, the higher the rate of reaction. You will notice that the steepness is greatest at the start of the reaction. Why do you think this is the case? It’s because the concentration of the reactants is greatest at the start of the reaction. 

Over time the line becomes horizontal (parallel to the x-axis). This indicates that the reaction has stopped.

Collision theory
The collision theory is a convenient way to explain the observations made regarding rates of reaction.

For a reaction to occur particles of the various reactants need to collide with another with sufficient energy, and in the correct orientation for a successful conversion to products. 

What does this actually mean?

In order for a reaction to actually take place several things must be present : 

· The reactant particles must actually collide with one another.

· The particles be in the correct positions (correct orientation) with respect to each other. You can see in the diagram below that collisions can occur which cannot lead to the formation of products because the orientation is not correct.

· There must be enough energy available for the particles that have collided in the correct orientation to actually break reactant bonds and form new product bonds. The minimum energy required is something you have already heard of. Can you remember? Yes, it is the activation energy.
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Now let’s look at collision theory to explain why the methods you have looked at to change the rates of reaction might work.
· Changing temperature
If one increases the temperature at which a reaction takes place the following happens:
· The reactant particles move faster

· More of these particles have the required activation energy

· There are more particle collisions
· More of these collisions have sufficient energy to lead to products.

· As a result the reaction rate speeds up.


· Changing concentration 
By changing the concentration of a reactant which in in solution (dissolved) the following happens:
· More particles are present in the same volume

· More particles means that there is a greater chance of a collision happening

· As a result the reaction rate speeds up.

· Changing surface area of a solid reactant
breaking a solid reactant into smaller pieces, or grinding it into a powder has the following effects:

· The surface area of the reactant is increased

· More particles come into contact with the other reactant(s)

· There is a greater chance of particles colliding

· As a result the reaction rate increases.

· Changing pressure
Increasing the pressure only has an effect if at least one of the reactants is a gas. The effect is very similar to that of increasing the concentration:
· More particles are present in the same volume

· More particles means that there is a greater chance of a collision happening

· As a result the reaction rate speeds up.

· Adding a catalyst
Catalysts have the effect of speeding reactions up without themselves being used up in the reaction. They achieve this by lowering the energy of activation. As a result more collisions have enough energy for the conversion into products to take place.
Got it: Reaction rates are influenced by the frequency (number) of collisions that take place between reacting particles, by the orientation (geometry) of the collisions and by the energy with which the collisions occurs. 
Activity 2: Measuring the rate of a chemical reaction

In this activity you have the opportunity to measure the rate of an actual chemical reaction. The information that has been gathered in Activity 1 will come in useful for you here.

Assessment standards:

1.1 Conducting an investigation: conduct a scientific investigation to collect data systematically with regard to accuracy, reliability and the need to control one variable. (LO1)

1.2 Interpreting data to draw conclusions: seek patterns and trends in the information collected and link it to existing scientific knowledge to help draw conclusions. (LO 1)

1.3 Solving problems: apply given steps in a problem-solving strategy to solve standard exercises. (LO 1)

 1.4 Communicating and presenting information and scientific arguments: communicate information and conclusions with clarity and precision. (LO 1)

2.1 Recalling, stating and discussing prescribed concepts: recall and state basic prescribed scientific knowledge. (LO 2)

2.3 Constructing and applying scientific knowledge: apply scientific knowledge in familiar, simple contexts. (LO 2) 

1. Work in pairs or small groups for this activity


























2. Set up the apparatus as shown in the diagram.

3. When you are ready to start the reaction push the plunger down to add the acid to the metal in the flask.

4. Now the plunger is fully in and no gas is present in the syringe and the reaction begins (time 0)

5. As the reaction proceeds gas collects in the syringe and the plunger is pushed out so that you can read the volume of collected gas.

6. Make sure that the total amount of zinc disappears during the reaction. If it does not repeat the experiment with a smaller mass.

7. Gather data according to the following guidelines. You may find that you need to change the time intervals, in which case you need to repeat the experiment. Continue the reaction until you get a number of readings for the gas volume that no longer change. That means that the reaction has stopped.

	Time (minutes)
	0
	0.5
	1.0
	1.5
	2.0
	2.5
	3.0
	3.5
	4.0
	4.5
	5.0
	5.5
	6.0
	6.5

	Volume of hydrogen gas (ml)
	
	
	
	
	
	
	
	
	
	
	
	
	
	


8. Plot a graph showing the volume of gas produced on the y-axis and the time elapsed on the x-axis.

9. Answer the following questions:

a. What do you notice about the shape of the curve? What does it tell you?

b. What would the rate of the reaction be in the first minute? Calculate it.

c. What is the rate of the reaction for the second minute? Calculate it.

d. What is the rate of the reaction for the third minute? Calculate it.

e. What is the rate of the reaction for the last minute? Calculate it.

f. How can you tell that the reaction is over?

g. What do you notice about the reaction rate as the reaction proceeds?

h. How does the steepness of the curve relate to the reaction rate?

i. What is the rate of the overall reaction (also known as the average rate)? Calculate it.
j. How long would it take to collect one third of the total volume of gas?

k. How long would it take to collect three quarters of the total volume of the gas?

l. Would it be possible to measure the reaction rate for any reaction? What condition(s) would make it very difficult to do so?
10. Meet with the class for a teacher-led discussion. Be prepared to share your findings with the class.

Formative assessment:

Assess the performance of your group according to the checklist provided below 


	At the end of this activity our group was able to:
	Yes
	No

	Set up the apparatus and perform the experiment satisfactorily
	
	

	Gather the data and plot the graph
	
	

	Get a graph of the correct shape
	
	

	Calculate the reaction rates at different times during the reaction
	
	

	Calculate the overall average reaction rate
	
	

	Calculate the time in which the specific reaction will generate certain volumes of gas
	
	

	Decide when a reaction was complete
	
	

	Understand for which types of reactions it would be difficult to measure the reaction rate and why
	
	

	Understand the relationship between the steepness of the curve and the rate of the reaction.
	
	


Answers:

a. The typical shape for the graph is shown in the diagram 

b. Rate is calculated as follows:
Rate 1st min = (vol H2 released)/time
= (vol at end of min – vol at start of min)/1 min
c. Rate 2nd min = (vol H2 released)/time

d. Rate 3rd min = (vol H2 released)/time

e. Rate last min = (vol H2 released)/time

f. The curve levels off showing that no more gas is being released.

g. The reaction rate slows down as the reaction proceeds.

h. The steeper the curve the higher the reaction rate

i. Average rate of reaction = (total vol H2 released)/ total time of reaction

j. Use the graph for this. Calculate 1/3 of the total volume and then read off from the graph the time that would have elapsed

k. Use the graph for this. Calculate 3/4 of the total volume and then read off from the graph the time that would have elapsed

l. Reactions that take place extremely quickly would be difficult to investigate


Got it: The rate of a chemical reaction is the time taken (in seconds) for a measured change in the amount of a product to be formed (or a reactant to be used up).
Average rate of reaction = (change in amount of product or reactant)/ time elapsed
The units are often concentration units for the amounts and seconds for the time

Now that you have an understanding of the concept of rate of reaction you may find yourself asking such questions as: Can the rate be speeded up? What could be done to speed it up? Can it be slowed down? How? What is actually happening on a microscopic level to explain the observations? In the following few activities you have an opportunity to answer some of these questions.

Activity 3: Investigating the effect of changing concentration of reactants on the reaction rate.

Assessment standards:

1.1 Conducting an investigation: conduct a scientific investigation to collect data systematically with regard to accuracy, reliability and the need to control one variable. (LO1)

1.2 Interpreting data to draw conclusions: seek patterns and trends in the information collected and link it to existing scientific knowledge to help draw conclusions. (LO 1)

1.3 Solving problems: apply given steps in a problem-solving strategy to solve standard exercises. (LO 1)

 1.4 Communicating and presenting information and scientific arguments: communicate information and conclusions with clarity and precision. (LO 1)

2.1  Recalling, stating and discussing prescribed concepts: recall and state basic prescribed scientific knowledge. (LO 2)

2.2 Explaining relationships: express and explain prescribed scientific theories and models by indicating some of the relationships of different facts and concepts with each other. (LO 2)

2.3 Constructing and applying scientific knowledge: apply scientific knowledge in familiar, simple contexts. (LO 2) 

1. Work in pair or small groups for this activity.
2. Before proceeding with the experiment ask yourselves the following question:  If we use the same reaction that we used previously, namely the reaction between zinc and hydrochloric acid, what would we expect to happen if we use 2M HCl instead of 1M HCl? Also, what would we expect to happen if we use 0.5M HCl instead of 1M HCl? 

3. Now you can go ahead and test your hypothesis!











4. Set up the apparatus as shown in Activity 2. Use the same mass of zinc that you used previously that was totally used up in the reaction
5. When you are ready to start the reaction push the plunger down to add the acid to the metal in the flask.

6. Now the plunger is fully in and no gas is present in the syringe and the reaction begins (time 0)

7. As the reaction proceeds gas collects in the syringe and the plunger is pushed out so that you can read the volume of collected gas.

8. Gather data according to the following guidelines. You may find that you need to change the time intervals, in which case you need to repeat the experiment. Continue the reaction until you get a number of readings for the gas volume that no longer change. That means that the reaction has stopped.


	Time (minutes)
	0
	0.5
	1.0
	1.5
	2.0
	2.5
	3.0
	3.5
	4.0
	4.5
	5.0
	5.5
	6.0
	6.5

	Volume of hydrogen gas (ml)
	
	
	
	
	
	
	
	
	
	
	
	
	
	


9. Plot a graph showing the volume of gas produced on the y-axis and the time elapsed on the x-axis.

10. Repeat the experiment for each of the concentrations of HCl plotting all three graphs on the same page.
11. Answer the following questions:

a. What do you notice about the shapes of the three curves?

b. From the shapes of the curves can you tell which reaction was the fastest and which was the slowest?

c. How long does the reaction last in each case?
d. How much product (hydrogen in this experiment) is produced in each case? What do you notice about your answers?

e. Why is the same amount of product produced in all three experiments?

f. Can you make a general statement concerning the effect of concentration on the reaction rate?

12. Meet with the class for a teacher-led discussion. Be prepared to share your findings with the class.


Formative assessment:

Assess the performance of your group according to the checklist provided below 


	At the end of this activity our group was able to:
	Yes
	No

	Set up the apparatus and perform the experiment satisfactorily
	
	

	Gather the data and plot the three graphs on the same axes
	
	

	Get graphs of the correct shape
	
	

	Calculate the overall average reaction rate in each case
	
	

	Notice that the reaction rate is directly proportional to the concentration of a reactant
	
	

	Decide when a reaction is complete
	
	

	Notice that all three reactions produce the same amount of product. What varies is the time that it takes for this to happen
	
	

	Understand the relationship between the steepness of the curve and the rate of the reaction.
	
	



Answers:

a. The curves have a similar shape. The variation is in the steepness of the curves. The higher the concentration of the reagent, the steeper the curve. The lower the concentration, the longer it takes for the curve to level out i.e. for the reaction to stop.
b. The fastest reaction has the steepest slope while the slowest reaction has the least steep slope.

c. One reads the answers off on the graph. The reaction stops when the curve levels off.

d. The amount of hydrogen produced is read off from the graph where the curve has levelled off. The learners should notice that each reaction results in the same amount of product. What changes is the speed (rate) at which it is formed. They should also notice that the reaction rates are directly proportional to the changes in concentration.

e. The amount of product formed will depend on the amount of the limiting reagent i.e. the one that gets used up. The speed that it gets used up can vary but once it is gone no more product can be formed.

f. A reaction goes faster when the concentration of a reactant is increased. When the concentration is doubled, the reaction rate doubles. When the concentration is halved, the reaction rate halves.


Activity 4: Testing you understanding of the concept of reaction rate.

Assessment standards

2.1  Recalling, stating and discussing prescribed concepts: recall and state basic prescribed scientific knowledge. (LO 2)

2.2 Explaining relationships: express and explain prescribed scientific theories and models by indicating some of the relationships of different facts and concepts with each other. (LO 2)

1. Work independently to answer the following questions.

2. These following results are from two experiments where 0.06 g of magnesium was reacted with hydrochloric acid – 50 ml of 1M HCl in experiment A and 50 ml of 0.5M HCl in experiment B. 


	Time (seconds)
	10
	20
	30
	40
	50
	60
	70
	80
	90
	100
	110
	120
	130
	140

	ml of H2  gas (A)
	19
	33
	44
	52
	58
	60
	60
	60
	60
	60
	60
	60
	60
	60

	ml of H2  gas (B)
	9
	17
	24
	30
	37
	42
	47
	51
	55
	58
	59
	60
	60
	60


a. Use the data provided to plot suitable graphs on the same axes 
(7)
b. Write a balanced equation (with state symbols) for this reaction.
(3)

c. When was the reaction complete in each experiment?

(2)
d. How much hydrogen was produced in each experiment after completion? 







(2)
e. Explain why the two experiments produced the same amounts of hydrogen







(2)
f. Based on the shapes of the curves which reaction was faster? Explain your answer







(2)
g. What happens to the rate of the reaction when the concentration of the hydrochloric acid is doubled from 1M to 0.5M? Use calculations to support your answer.






(4)
h. Can you predict what might happen to the rate of the reaction when the concentration of the hydrochloric acid is doubled from 1M to 2M?
(1)
i. Write a general statement about the effect of concentration of a reagent on reaction rate.






(2)
3. Exchange your work with a partner for marking. Assign a mark for each correct answer and the express the result using the following 6-point scale. Your teacher will record your progress.

Formative assessment: Peer/teacher

Exchange your work with a partner for marking, based on the correct answers shown during a discussion with your teacher. Your teacher will collect your books to check your work and keep a record of your performance. If you are experiencing difficulties, ask your teacher for help.

	Mark
	Performance
	Rating

	23-25
	Excellent
	6

	19-22
	Good
	5

	15-18
	Satisfactory
	4

	11-14
	Can be better
	3

	6-10
	Need help
	2

	0-5
	Struggling
	1


Answers:

1.   

a.   








(7)
b. magnesium + hydrochloric acid  →  magnesium chloride  + hydrogen
  
Mg(s)   +   HCl(aq)     →     MgCl2(aq)   +   H2(g)

(3)

c. Experiment A was complete after about 57 sec
Experiment B was complete after about 115 sec


(2)
d. In both experiments the amount of product was 60 ml

(2)
e. The amount of product depends on the amount of limiting reagent (reagent that is completely used up). If the same amount of reagent is used up in both experiments the same amount of product will be obtained. The thing that changes is the rate at which the product is formed.







(2)
f. Reaction A was faster because the curve was steeper

(2)
g. Rate of reaction A = 60 ml/60 sec = 1 ml/sec
rate of reaction B = 60 ml/ 120 sec = 0.5 ml/sec
When the concentration of the acid is halved from 1M to 0.5M the rate of the reaction decreases from 1 ml/sec to 0.5 ml/sec i.e. it is also halved








(4)
h. The prediction is that the rate of the reaction will double (to 2 ml/sec) when the HCl concentration is doubled.



(1)
i. The reaction goes faster (increased reaction rate) when the concentration of a reactant is increased.



(2)

Activity 5:  Investigating the effect of changing temperature of reactants on the reaction rate.

Assessment standards:

1.1 Conducting an investigation: conduct a scientific investigation to collect data systematically with regard to accuracy, reliability and the need to control one variable. (LO1)

1.2 Interpreting data to draw conclusions: seek patterns and trends in the information collected and link it to existing scientific knowledge to help draw conclusions. (LO 1)

1.3 Solving problems: apply given steps in a problem-solving strategy to solve standard exercises. (LO 1)

 1.4 Communicating and presenting information and scientific arguments: communicate information and conclusions with clarity and precision. (LO 1)

2.1  Recalling, stating and discussing prescribed concepts: recall and state basic prescribed scientific knowledge. (LO 2)

2.2 Explaining relationships: express and explain prescribed scientific theories and models by indicating some of the relationships of different facts and concepts with each other. (LO 2)

2.3 Constructing and applying scientific knowledge: apply scientific knowledge in familiar, simple contexts. (LO 2) 

1. Work in pair or small groups for this activity.

2. Before proceeding with the experiment ask yourselves the following question:  What would you predict the effect to be if the temperature of the reactants was increased? 














3. On the piece of white paper draw a cross using black ink

4. Place 10 ml of  the thiosulfate solution into the conical flask, add 40 ml water and warm the solution to a little over 20oC
5. Now add 5 ml 2M HCl, note the new temperature, start the stop watch and swirl the mixture once or twice. Then place the vessel on the paper with the cross.
6. Look down vertically into the reaction vessel and note the time when the cross is no longer visible.
7. Repeat the experiment raising the temperature a little over 30oC, 40oC, 50oC and 60oC.
8. When all the data is collected and recorded plot a graph of the time taken for the cross to disappear versus the initial temperature of each reaction mixture
9. Plot a second graph of the data using the reciprocal of the time taken for the cross to disappear versus the initial temperature.
10. Answer the following questions:
a. What do you notice about the time it takes for the cross to disappear as the temperature increases?
b. Why does the cross disappear?
c. Do your measurements agree with your predictions?
d. Give an explanation for your observations.
e. Give at least 2 examples in everyday life where temperature is used to alter the rate of reactions.    
f. What do you notice about the shapes of the two graphs? What does this tell you?

11. When you have completed this activity join the class for a teacher-led discussion of your observations.

Formative assessment:

Assess the performance of your group according to the checklist provided below 


	At the end of this activity our group was able to:
	Yes
	No

	Set up the apparatus and perform the experiment satisfactorily
	
	

	Gather the data and plot the two graphs
	
	

	Get graphs of the correct shape
	
	

	Calculate the overall average reaction rate in each case
	
	

	Explain what the graphs tell us about the relationship between reaction rate and temperature
	
	

	Explain why the cross disappears
	
	

	Describe common situations where temperature affects reaction rate
	
	

	Check a prediction against measured results
	
	



Answers:

a. As the temperature increases it takes less time for the cross to disappear

b. The cross disappears because an insoluble yellow product (sulfur) is formed which covers the bottom of the reaction vessel.

c. The prediction should have been that increasing temperature increases reaction rate. Based on everyday experience we now that to be true e.g. milk sours faster when not refrigerated.

d. When the temperature is higher the movement of the reactant particles increases and the energy of the particles also increases so the chance of them meeting and reacting with one another increases.

e. Refrigeration slows down the reactions that cause food to rot.
Warming speeds up the reactions such as fermentation of yeast for bread- making, wine making etc.

Activity 6: Investigating the effect of changing surface area of contact of reactants on the reaction rate.

Assessment standards:

1.1 Conducting an investigation: conduct a scientific investigation to collect data systematically with regard to accuracy, reliability and the need to control one variable. (LO1)

1.2 Interpreting data to draw conclusions: seek patterns and trends in the information collected and link it to existing scientific knowledge to help draw conclusions. (LO 1)

1.3 Solving problems: apply given steps in a problem-solving strategy to solve standard exercises. (LO 1)

1.4 Communicating and presenting information and scientific arguments: communicate information and conclusions with clarity and precision. (LO 1)

2.1  Recalling, stating and discussing prescribed concepts: recall and state basic prescribed scientific knowledge. (LO 2)

2.2 Explaining relationships: express and explain prescribed scientific theories and models by indicating some of the relationships of different facts and concepts with each other. (LO 2)

2.3 Constructing and applying scientific knowledge: apply scientific knowledge in familiar, simple contexts. (LO 2) 

1. Work in pairs or small groups for this activity.

2. Before proceeding with the experiment ask yourselves the following question:  What would you predict the effect to be if the surface area of one reactant (the area that is available to be reached by the second reactant) was increased? 












3. Place a measured mass of larger marble chips into the conical flask. Your teacher will advise you of a suitable mass – usually about 20 g.
4. Prepare a cotton wool stopper to loosely close the vessel – the idea is to prevent spattering but still allow any gas that is produced to escape into the atmosphere.

5. Measure an amount of 2M HCl (40 ml) into the measuring cylinder.

6. Weigh the reaction vessel containing the marble chips. Also weigh the measuring cylinder containing the hydrochloric acid. 

7. When you are ready pour the acid into the reaction vessel and start the stop watch immediately. Keep the emptied measuring cylinder so that you can weigh it once the reaction is complete and thus calculate the mass of acid that was added to the reaction vessel:
Mass of HCl added = (Mass of measuring cylinder + HCl) – mass of empty measuring cylinder

8. At regular time intervals read the mass of the reaction vessel and record your results using a table similar to the example given:

	Time (minutes)
	0
	0.5
	1.0
	1.5
	2.0
	2.5
	3.0
	3.5
	4.0
	4.5
	5.0
	5.5
	6.0
	6.5

	Mass of reaction vessel Exp A
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Mass of reaction vessel Exp A
	
	
	
	
	
	
	
	
	
	
	
	
	
	


9. Allow the reaction to continue until the mass stops changing. Why?

10. Repeat the experiment using marble chips that have been broken into smaller pieces. The mass must be the same as in the first experiment.

11. Plot the graphs for both experiments on the same axes. The y-axis will record loss of mass and the x-axis the time elapsed.

12. Answer the following questions:

a. Write a balanced equation for this reaction

b. What do you notice about the shapes of the two curves?

c. From the shapes of the curves can you tell which reaction was the faster and which was the slower?

d. Calculate the average reaction rates for both experiments.

e. How long does the reaction last in each case?

f. What mass of calcium carbonate is lost in each case? What do you notice about your answers?

g. Can you say what mass of gas was produced in each case? How can you get this answer?

h. Why is the same amount of calcium carbonate lost both experiments?

i. What types of reactants are affected by increasing surface area? Why?

j. Why is this experiment done using the changing mass of calcium carbonate rather than the volume of hydrogen gas being released?

k. Can you make a general statement concerning the effect of surface area on the reaction rate?

l. Can you think of a biological example of this effect?

13. When you have completed this activity join the class for a teacher-led discussion.


Formative assessment:

Assess the performance of your group according to the checklist provided below 


	At the end of this activity our group was able to:
	Yes
	No

	Set up the apparatus and perform the experiment satisfactorily
	
	

	Write a balanced equation for this reaction
	
	

	Gather the data and plot the two graphs
	
	

	Get graphs of the correct shape
	
	

	Calculate the overall average reaction rate in each case
	
	

	Explain what the graphs tell us about the relationship between reaction rate and surface area
	
	

	Explain how to calculate the mass of gas produced even although it was not directly measured.
	
	

	Explain why this applies only to a solid reactant
	
	

	Make a general statement concerning the effect of surface area on reaction rate
	
	

	Describe common situations where surface area affects reaction rate
	
	

	Check a prediction against measured results
	
	


Answers:

a. Calcium carbonate   +   hydrochloric acid     →    Calcium chloride   +   water   +  carbon dioxide
   CaCO3(s)   +   2HCl(aq)    →    CaCl2(aq)   +  H2O(l)   +  CO2(g)

b. The curve for the smaller chips is steeper than the curve for the larger chips but both curves eventually flatten out at the same total mass of the reaction vessel.

c. The steeper curve indicates the reaction with the faster rate. This experiment shows that the calcium carbonate with the greater surface area reacts faster than that with the smaller surface area.

d. The average reaction rates are calculated using the equation:
Average rate of reaction = (change in amount of reactant)/ time elapsed

e. This information must be read off from the graphs
f. When each reaction is complete the same amount of calcium carbonate will have been used up. 

g. The mass of gas (carbon dioxide) produced is equal to the mass lost from the reaction vessel.

h. The same mass of calcium carbonate is used up in both cases because there is enough acid present to convert all the calcium carbonate into product in both cases, and both experiments started with the same mass of calcium carbonate

i. Solids are affected by changing surface area. Solutions and gases are already fully available to reacting reagents.
j. The interest in this experiment lies in the changing surface area of the calcium carbonate so it change needs to be measured

k. The rate of a reaction of a solid reactant increases when its surface area is increased.

l. As example would be the chewing of food. The purpose of chewing is to increase the surface area of the food so that the digestive enzymes can react more effectively.

Activity 7: Looking at reactions more closely

In this activity you do some thinking about the “mechanics” of a chemical reaction. What is actually going on in the reaction vessel? Presumably a reaction can only take place if particles of the reactants actually come into contact with one another. Also simply coming into contact may not be enough. A productive collision – one resulting in a conversion to products – must have enough energy to cause the change. The change needs the old chemical bonds to be broken so that new ones can form, and this requires energy. Armed with this information, you are able to describe what is actually happening!
Assessment standards

1.2 Interpreting data to draw conclusions: seek patterns and trends in the information collected and link it to existing scientific knowledge to help draw conclusions. (LO 1)

1.4 Communicating and presenting information and scientific arguments: communicate information and conclusions with clarity and precision. (LO 1)

2.1  Recalling, stating and discussing prescribed concepts: recall and state basic prescribed scientific knowledge. (LO 2)

2.2 Explaining relationships: express and explain prescribed scientific theories and models by indicating some of the relationships of different facts and concepts with each other. (LO 2)

2.3 Constructing and applying scientific knowledge: apply scientific knowledge in familiar, simple contexts. (LO 2) 

1. Work in pairs for this activity












2. Write down the balanced equation for the reaction between magnesium and hydrochloric acid.

3. Explain, in words, two things that need to happen for the particles to react with each other and produce product.

4. Using symbols, for example, ○ to depict water particles, ● to depict acid particles and ө to depict magnesium particles, draw diagrams to explain what you think happens during this chemical reaction. Use word descriptions to explain your diagrams.
Have 3 separate diagrams. 

a. The first one should show the reaction vessel at the start of the reaction, when the reactants have been mixed but no change has begun.

b. The second diagram should depict what happens as the reaction happens

c. The third diagram should depict what would be present in the reaction vessel when the reaction is over – assuming that all the magnesium is used up.

5. Now do a diagram that explains your expected observations if you increased the concentration of the hydrochloric acid. Again, support your diagram with a word explanation.

6. Now do a diagram that explains your expected observations if you increased the temperature of the reaction mixture. Again, support your diagram with a word explanation

7. Now do a diagram that explains your expected observations if you increased the surface area of the magnesium. Again, support your diagram with a word explanation.
8. Now see if you can draw diagrams that can explain why the reaction starts off very vigorously, but slows down over time. Again, support your diagram with a word explanation.

9. When you have completed this activity and prepared an attractive and informative chart, meet with the whole class to present and discuss your findings.

Formative assessment:

Assess the performance of your group according to the checklist provided below 


	At the end of this activity our pair was able to:
	Yes
	No

	Write a balanced equation for the reaction under discussion
	
	

	Describe what happens in a reaction vessel in terms of the particles of matter present
	
	

	Draw meaningful diagrams to depict the progress of a chemical reaction
	
	

	Draw meaningful diagrams to depict the effect of increasing concentration of one reactant on the progress of a chemical reaction
	
	

	Draw meaningful diagrams to depict the effect of raising the temperature on the progress of a chemical reaction
	
	

	Draw meaningful diagrams to depict effect of increasing the surface area of a solid reactant on the progress of a chemical reaction
	
	

	Draw meaningful diagrams to depict the changing rate at which chemical reaction takes place as time passes
	
	

	Present our findings to the class
	
	


Answers:
1. Magnesium   +   hydrochloric acid     →     magnesium chloride   +   hydrogen
 
Mg(s)   +   2HCl(aq)     →     MgCl2(aq)   +   H2(g)

2. For a reaction to take place the following two things need to happen:

a. The magnesium and acid particles must collide with one another

b. The collision must happen with enough energy for the reaction to take place
3. 












4. 
5. 














6. 








7. 



Got it:

Reaction rates are influenced by the frequency (number) of collisions that take place between reacting particles as well as the energy with which the collision occurs. One other aspect which may be surprising is that the “geometry” of the collision is also important. Some collisions that have enough energy still do not result in product because the reacting particle collided in an unfavourable position with respect to one another. This concept is depicted in the accompanying diagram.


Ask yourselves: The reactions that you have been considering up to now have involved a solid reactant and a solution or two solutions being mixed together. If the two reactants were gases for example oxygen and hydrogen reacting together, what additional thing could you do to increase the rate of the reaction. Explain your suggestion clearly.


Answer:

By increasing the pressure exerted of the gases one would effectively be increasing the concentration because the same amount of gas would now be in a smaller volume. The more particles there are in a given volume the greater the likelihood of effective collisions and the reaction rate will increase.
Catalysts

You have discovered several ways in which you can cause the rate of a chemical reaction to speed up, but there remains another very important way of doing this, and this involves the use of catalysts. A catalyst is a substance that can be added to a reaction to speed it up without it actually being used up or permanently altered during the reaction. As you can imagine, industry uses a lot of different catalysts, as do biological systems. In this section you will be investigating the behaviour of catalysts more closely.


Activity 8: Investigating the behaviour of a catalyst

Assessment standards:

1.1 Conducting an investigation: conduct a scientific investigation to collect data systematically with regard to accuracy, reliability and the need to control one variable. (LO1)

1.2 Interpreting data to draw conclusions: seek patterns and trends in the information collected and link it to existing scientific knowledge to help draw conclusions. (LO 1)

1.4 Communicating and presenting information and scientific arguments: communicate information and conclusions with clarity and precision. (LO 1)

2.1  Recalling, stating and discussing prescribed concepts: recall and state basic prescribed scientific knowledge. (LO 2)

1. Work in pairs or small groups for this activity


















2. Add 2 ml of hydrogen peroxide (H2O2) to 48 ml of water in the conical flask.

3. Immediately attach the collecting syringe as shown in the diagram and start the stop watch.

4. Record the volume of gas that is collected in the syringe over a period of time stopping when no further change takes place.

5. Now repeat the experiment but add 1 g of manganese dioxide to the container as well as the two liquids.

6. Record the volume of gas that is collected in the syringe over a period of time stopping when no further change takes place.

7. Filter off the manganese dioxide after the experiment is complete and measure its mass after it has dried.

8. On the same axes plot the two graphs: one without the manganese dioxide present and one with the manganese dioxide present.
9. Answer the following questions when you have finished your experiment:

a. Write a balanced equation for the reaction in which hydrogen peroxide decomposes into water and oxygen

b. What did you notice about the rate of the reaction in the absence of the manganese dioxide?

c. Would you expect more gas to collect if you waited longer? Explain your answer.

d. What happened when manganese dioxide was added to the reaction vessel?
e. What did you notice about the mass of the manganese dioxide at the end of the experiment when compared with the mass of the manganese dioxide that you put into the reaction vessel?
f. Does the behaviour of the manganese dioxide that you have observed suggest that it is a catalyst? Explain your answer.

g. Do you think that changing the mass of the manganese dioxide would make a difference? Why, or why not? How could you test this? If there is time you may ask your teacher whether you can test this for yourselves.
10. When you have completed this activity meet with the class for a teacher-led discussion of your findings.


Formative assessment
Assess the performance of your group according to the checklist provided below 


	At the end of this activity our group was able to:
	Yes
	No

	Write a balanced equation for the reaction under discussion
	
	

	Perform the experiment as instructed
	
	

	Plot graphs from the data
	
	

	Observe that the decomposition of hydrogen peroxide is extremely slow
	
	

	Observe that the catalyst manganese dioxide increased the rate of the reaction significantly
	
	

	Observe that the catalyst was not used up in the reaction
	
	

	Suggest an experiment to test whether changing the amount of catalyst present changes the rate of the reaction
	
	

	Present our findings to the class
	
	


Answers:

a.    H2O2(aq)     →     2 H2O(l)  +   O2(g)

b. In the absence of manganese dioxide no gas was collected.

c. Waiting longer would not make any difference because the reaction rate is so slow as to be imperceptible, and the rate is usually fastest at the start of the reaction

d. The reaction speeded up and gas was readily collected in the syringe.

e. The mass of the manganese dioxide collected at the end of the experiment was about the same as the mass that was put into the reaction vessel. (Mass differences would be as a result of poor laboratory technique – not collecting and weighing all the compound from the reaction vessel or filter paper).

f. Yes – the reaction is speeded up and the manganese dioxide is not used up in the reaction as its mass does not change.

g. The students need to explain that the experiment must be repeated using different amount of manganese dioxide to discover what effect changing the mass might have on the rate of the reaction. Usually increasing the mass of catalyst does increase the rate of the reaction up to a certain point after which it stops having an effect.


Got it:  A catalyst is a substance that speeds up the rate of a chemical reaction without itself getting used up or changed during the reaction.


You have already been introduced to the idea of a catalyst without realising it! Do you remember looking at the catalytic converter in Grade 11? What was it used for? The catalyst used in a catalytic converter is a combination of platinum. Palladium and rhodium attached to a ceramic or a metal support. 

One can get an idea of how effective such an attachment to the exhaust system of motor vehicles is by studying the following table:

	
	Emissions (grams per kilometre)

	
	CO
	hydrocarbons
	Oxides of nitrogen
	Particulate matter

	1.8 litre petrol engine
	No catalyst
	5.99
	1.67
	1.04
	

	
	With catalyst
	0.61
	0.07
	0.04
	

	1.9 litre diesel engine
	No catalyst
	1.20
	0.38
	0.54
	0.07

	
	With catalyst
	0.17
	0.05
	0.42
	0.04


Ask yourselves: 

a. In which ways does a catalytic converter improve the problem of pollution cause by the combustion of fuels in motor vehicles?
b. In which two ways are diesel engines more polluting than petrol engines?

c. Can you suggest a reason why the pollution caused by motor vehicles remains high even although 85% of new cars produced worldwide are fitted with catalytic converters?

d. Can you suggest a few possible solutions to the problem?
e. Many of the motor vehicles on our roads are old and often not roadworthy. You have probably all seen buses and trucks that belch out black smoke into the atmosphere. What, if anything, do you think needs to be done about these vehicles?

Answers:

a. The amounts of CO, hydrocarbons and oxides of nitrogen produced in the exhaust fumes are reduced quite significantly.

b. Diesel engines produce particulate emissions and the oxides of nitrogen remain high even in the presence of the catalytic converter.

c. Although each car produces fewer pollutants, there are many more motor vehicles on the road and the numbers increase each year.

d. One solution would be to find ways of reducing the numbers of motor vehicles on the roads, but this would be quite difficult to achieve – who would be the people doing without?
Another possibility would be to find new fuels that do not depend on combustion. This is in fact an area of ongoing research. Fuels cells are being investigated which can produce cleaner energy – again with the aid of a platinum catalyst.
e. Learners will probably have a variety of points of view on this topic – there is no one right answer.


Activity 9: Thinking about how catalysts work

Assessment standards

2.1  Recalling, stating and discussing prescribed concepts: recall and state basic prescribed scientific knowledge. (LO 2)

2.2 Explaining relationships: express and explain prescribed scientific theories and models by indicating some of the relationships of different facts and concepts with each other. (LO 2)

2.3 Constructing and applying scientific knowledge: apply scientific knowledge in familiar, simple contexts. (LO 2) 

1. Work in small groups for this activity







2. Consider the following energy diagram, which is very similar to one that you looked at in Grade 11, and then answer the questions that follow:

a. Draw the diagram on your chart and then label the axes

b. Annotate (label) all the important features on the diagram

c. Indicate whether this represents an exothermic or an endothermic reaction. How did you come to your conclusion?

d. Sketch a typical energy diagram for a reaction of the type not represented in the diagram supplied.

3. Now look at the second diagram and then answer the questions that follow:

a. Draw the diagram on your chart and label the axes (the same as the axes for the previous diagram)

b. Annotate the diagram showing the reactants, products and energy change (ΔH)

c. Can you explain what the extra “hump” in the graph represents? Perhaps using a specific example might be helpful such as the need for a match to start a fire, although it is not needed once the combustion reaction is under way.
d. What has happened to the ΔH  value? Why?

4. Draw one more diagram on which two “graphs” are placed: the one should be the same as the one you drew for question 3. above and the second should show how you think that the presence of a catalyst would change the appearance of the graph based on your understanding of how a catalyst works and how the energy diagram represents the progress of a reaction.

5. When you have completed this activity, meet with the class for a teacher-led discussion
 
Formative assessment
Assess the performance of your group according to the checklist provided below 


	At the end of this activity our group was able to:
	Yes
	No

	Annotate the energy diagrams satisfactorily
	
	

	Explain what the diagram was showing
	
	

	Understand the difference between diagrams depicting endothermic and exothermic reaction
	
	

	Explain the presence of the energy “hump”
	
	

	Explain how an enzyme might work by reducing the height of the energy “hump”
	
	


Answers:

1.    












2. 






Got it:  When a chemical reaction takes place it is necessary that reactant particles collide with one another. This is known as the Collision Theory. The collisions must happen with sufficient energy and at the correct orientation for an effective reaction to happen. This involves the breaking of the old chemical bonds before the new bonds are able to form products. A certain minimum amount of energy is always required to break the old bonds before a reaction is possible – even for an exothermic reaction. This minimum energy is called the activation energy. The greater the activation energy, the lower the chance of a reaction taking place, and the greater the need for a catalyst which can effectively reduce the activation energy of the reaction. When the activation energy is reduced, more of the collisions between the reactant particles are of sufficient energy to convert into products.

How does a catalyst reduce the activation energy? In general, catalysts work by holding the reacting particles together in the correct orientation to make a reaction more likely. This type of catalyst is called a surface catalyst. It absorbs one or more reactant onto its surface in such a way that the bonds in the reactant particle(s) is weakened, providing a lower energy intermediate which speeds up the reaction.

Ask yourselves: Put the following 3 types of platinum catalyst into the order of increasing effectiveness as a catalyst. Explain your answer. Platinum foil, platinum wire and platinum mesh

Answer: Wire, foil then mesh. The wire has the smallest surface area and the mesh the greatest so the catalytic power increases accordingly – there is more surface onto which the reactants can absorb.

Did you know: Catalysts can turn an uneconomic process into a profitable one. As a result, millions of tons of catalysts are used worldwide each year. The biggest contribution that catalysts make to the profitability of an industrial process is to reduce the energy bills for the company!


Biological catalysts – Enzymes

Biological reactions present a special problem because energy cannot be in the form of heat. Why is this? Living organisms operate at relatively low temperatures e.g. body temperature for humans is about 37.4 oC, and heat would cause immense damage. Consequently, enzymes have evolved to act as catalysts that can cause complex reactions to take place at body temperature.
Enzymes are largely made of protein, but some of them have additional minerals or pieces of vitamins (called cofactors) attached to them to make them more effective. Your body has thousands of different enzymes, each one designed to catalyse a specific reaction. For example, the enzyme amylase, present in your saliva, catalyses the breakdown of starch in your food into sugar. Enzymes are highly efficient and extremely selective, and most of them operate in solution rather than attached to solid surfaces.

Enzymes work in the following way:










Several important points must be remembered:

· The shape of the enzyme is extremely important, and one enzyme can catalyse only one type of reaction where the fit between enzyme and reactant is good.

· Enzymes operate within a limited temperature range (25 – 45 oC). This is because they are proteins which themselves become denatured at high temperatures so they can no longer recognise the reactants. At the lower temperatures they also become inactive.

· Enzymes also operate within a certain pH range, depending on the enzyme. For example, pepsin, an enzyme found in the stomach, works well at acidic pH because there is hydrochloric acid in the stomach. Other enzymes prefer more alkaline conditions.


Enzymes have for a long time been used domestically and industrially because of their efficiency. For example, certain laundry compounds contain enzymes to help with getting rid of fatty stains! Enzymes are used in the making of bread, wine, beer, cheeses, yoghurts and other sour milk products. They are used to tenderise meat. They are used in the tanning of leather. They are also used in the production of antibiotics such as penicillin.

Also, remember that refrigeration of foods to prevent spoilage is because enzymes start to “digest” the food if the temperature is warm enough!


Insert item about brewing of amahewu – indigenous knowledge


Reversible reactions 
So far we have been looking at reactions that are not reversible, that is reactants are converted into products and the result stays that way. Reversible reactions, on the other hand, can go in either direction.

Here are some examples:
1. Reaction between nitrogen and hydrogen to form ammonia

 
N2(g)   +   3H2(g)     ↔     2NH3(g)


2. Thermal (using heat) decomposition of ammonium chloride

 
NH4Cl(s)     ↔     NH3(g)   +   HCl(g)


3. Dehydration of blue copper sulphate crystals to form white anhydrous copper sulfate

 
CuSO4.5H2O(s)     ↔     CuSO4(s)   +   5H2O(l)


4. Reaction between sulphur dioxide and oxygen to form sulphur trioxide

 
2SO2(g)   +   O2(g)     ↔     2SO3(g)


Got it: Reversible reactions can go in both directions, meaning that the product(s) can break down and return to the starting reactant(s). In fact most chemical reactions are reversible. A reversible reaction is symbolised using the double headed arrow: ↔


Dynamic equilibrium

When a reversible reaction is allowed to continue uninterrupted, there will come a time when the rate at which the forward reaction is taking place equals the rate at which the reverse reaction is taking place. When this happens no further overall change can be measured. In fact, it looks as though the reaction has stopped altogether. This is not actually the case. No overall change is measurable, but the forward and back reactions are continuing all the time, at the same rate.

The important thing to remember is that both the forward and the reverse reactions are continually happening, but the concentrations (amounts) of each reactant and each product remain constant.

Note: These observations of a dynamic equilibrium must be made in a closed system. A closed system is one in which no substances are either added to or removed from it.  This is important because one does not want a situation where some of the reactants or products can escape from the system, as equilibrium will then never be reached.

Activity 10: Visualising dynamic equilibrium


Assessment standards
1.3 Solving problems: apply given steps in a problem-solving strategy to solve standard exercises. (LO 1)

1.4 Communicating and presenting information and scientific arguments: communicate information and conclusions with clarity and precision. (LO 1)

2.1  Recalling, stating and discussing prescribed concepts: recall and state basic prescribed scientific knowledge. (LO 2)
2.2 Explaining relationships: express and explain prescribed scientific theories and models by indicating some of the relationships of different facts and concepts with each other. (LO 2)

2.3 Constructing and applying scientific knowledge: apply scientific knowledge in familiar, simple contexts. (LO 2)

1. Work in pairs for this activity
















2. Place the small squares of paper into an arrangement of a bigger square having sides equal to 4 of the smaller squares, with only one colour visible, say red. (See the diagram).
Note: Your teacher will assign different numbers of squares to different pairs – some pairs will have a 5 x 5 grid, others will have 6 x 6 and possibly others will have 7 x 7
3. Assume that red turns into blue much faster than blue turns into red, say a 3 in 6 chance compared with a 1 in 6 chance.

4. Throw the dice while looking at each square in turn. If the numbers 4, 5, or 6 appear, turn over that particular red square to give a blue square.

5. When you have thrown the dice for each of the 16 squares you will have a new pattern of red and blue squares. Repeat the process on the new grid remembering that if the numbers 4, 5, or 6 appear, turn over a particular square only if it is a red one. If the square you are looking at is a blue one you can only turn it over when you throw the number 1.

6. Repeat this process about 15 times, and then count the numbers of red and blue squares that are showing. 

7. Work out the percentage red and the percentage blue squares. What do you notice about the red and blue squares?

8. Meet with the whole class and gather all the information that has been obtained. Place the results in groups for the grids of different size.

9. What do you notice about the ratios obtained by other pairs in the class?
10. Assume that the red → blue change represents the forward reaction and the blue →  red change represents the reverse (or backward) reaction. Use this information to describe what is meant by a reversible reaction that has reached dynamic equilibrium. State where the position of the equilibrium lies i.e. closer to the red or to the blue side. What conditions could you change in this activity to get a change in the position of the equilibrium?

Formative assessment
Assess the performance of your group according to the checklist provided below 


	At the end of this activity our group was able to:
	Yes
	No

	Observe that a steady ratio of red to blue squares becomes established
	
	

	Observe that the greater the number of squares in the grid, the closer one gets to the true ratio
	
	

	Understand how this represents a reaction in dynamic equilibrium
	
	

	Understand how, in a chemical reaction, the numbers of changes are huge because huge numbers of particles take place in the reaction. “True” dynamic equilibrium is therefore reached.
	
	


Answers:

· The ratio of white to black will tend towards a fixed value: 75% : 25% in this example. The colour squares that react more frequently (3/6 throws will end up at 75% while the squares that change less frequently will end up at 25%.

· The pattern of a particular grid will continue to change as long as the dice-throwing process continues, but the ratio will become quite steady.

· The greater the number of squares in the grid and the number of cycles of dice throwing the closer the percentage will get to the ideal ratio of 75% : 25%
· In this example the equilibrium lies towards the blue (the right hand side) because there is a 1:2 chance of red changing to blue and only a 1:6 chance of blue turning back to red.

· By changing the chances of change one can shift the equilibrium.


Got it: Dynamic equilibrium means that the forward and reverse reactions continue to take place (dynamic means still continuing) while the overall numbers (concentrations) of reactants and products no longer change (equilibrium means no apparent change).



A general, reversible reaction that is in a state of dynamic equilibrium can be represented as follows:


 


A   +   B     ↔     C   +   D     
At the start of the reaction the concentrations of A and B are at their maximum, so they begin to react at a maximum reaction rate. As they react their concentrations drop and so the reaction rate slows down.   

When dynamic equilibrium has been reached, the concentrations of A, B, C and D remain constant, and the rate of the forward reaction and back reaction are equal. This is shown in Fig Xa. At the start of the reaction there is no product (c and D) so they cannot react with one another. As the reaction proceeds the concentrations of C and D increase and the rate of reaction between then starts to increase (Fig Xb). As time progresses the reaction rates of the forward and backward reactions become equal, where A and B will be converting to C and D at the same rate that C and D are converting to A and B

If the experimental conditions (such as temperature and pressure) are kept constant, one can calculate a new constant for a reaction that has reached dynamic equilibrium. This is known as the equilibrium constant, Kc.

  


Kc     
=     (concentration of C) x (concentration of D)
  



        (concentration of A) x (concentration of B)
 


        





=     [C][D]
 



       [A][B]


The value for Kc will be a constant (i.e. fixed) for a particular reaction under a particular set of conditions.

Note: A more general statement can be made for the more general equation:

 

aA   +   bB     ↔     cC   +   dD

 

Kc     =   [C]c [D]d
 


   [A]a [B]b

Uses for the equilibrium constant

1. Knowing the equilibrium constant for a given reaction allows one to predict the extent of a reaction. This means that the larger the numerical value of the equilibrium constant the further to the right the reaction goes and the more product there is in relation to reactants.


2. If one knows the concentrations of reactant and products present in a reaction mixture at any particular time (not at equilibrium) one can use the expression for the equilibrium constant to calculate another value, known as the reaction quotient (Qc). By comparing this value with the Kc value one can predict the direction in which the reaction will proceed to reach equilibrium. 
If Qc is less than Kc the reaction moves to the right (converting products into reactants) until Qc = Kc. 
If Qc is greater than Kc the reaction moves to the left (converting reactants into products) until Qc = Kc.
You already know that it is possible to change the rate of a chemical reaction by changing various conditions such as temperature, pressure, concentration and so on. What happens when one changes the conditions of a reaction that is in dynamic equilibrium?

This question was investigated by a French scientist in 1888 and he came up with the following principle:

Le Chatelier’s Principle

If a reversible reaction that is in a state of dynamic equilibrium is disturbed by changing the conditions, the reaction will do what it can to oppose that change.
In the following activity you can think about various possible changes that can be applied to a reaction in dynamic equilibrium and what the reaction might do to counteract the effect of the changes according to le Chatelier’s Principle.

Activity 11: Understanding Le Chatelier’s Principle and Dynamic Equilibria

Assessment standards:

1.2 Interpreting data to draw conclusions: seek patterns and trends in the information collected and link it to existing scientific knowledge to help draw conclusions. (LO 1)

1.3 Solving problems: apply given steps in a problem-solving strategy to solve standard exercises. (LO 1)

1.4 Communicating and presenting information and scientific arguments: communicate information and conclusions with clarity and precision. (LO 1)

2.1  Recalling, stating and discussing prescribed concepts: recall and state basic prescribed scientific knowledge. (LO 2)

2.2 Explaining relationships: express and explain prescribed scientific theories and models by indicating some of the relationships of different facts and concepts with each other. (LO 2)

2.3 Constructing and applying scientific knowledge: apply scientific knowledge in familiar, simple contexts. (LO 2)


1. Work in pairs for this activity.












2. Consider the given equation of a chemical reaction in dynamic equilibrium and answer the questions that follow, remembering what Le Chatelier’s Principle says about changes in such reactions:

  

A   +   2B     ↔     C   +   D


a. What would happen to the equilibrium if one increased the concentration of A in the reaction? 
Hint: What could the reaction do to decrease the concentration of A again?

b. What would happen to the equilibrium if one decreased the concentration of A in the reaction?
Hint: What could the reaction do to increase the concentration of A again?

c. If the reaction given above involved gases, what would happen to the equilibrium if the pressure was increased?

d. If the reaction given above involved gases, what would happen to the equilibrium if the pressure was decreased?

e. What would happen to the equilibrium in a reaction where both sides of the equation have the same number of gaseous particles (e,g, A  +  B     ↔     C   +   D) and the pressure was changed?

f. What would happen to the equilibrium of the reaction if the temperature was increased?
Hint: Assume that the forward reaction is exothermic i.e. gives out heat, and the reverse reaction is endothermic i.e. takes in heat. The amount of heat given out is exactly equal to the amount of heat taken in.
g. What would happen to the equilibrium of the reaction if the temperature was decreased?
h. What effect might a catalyst have of the equilibrium of a reaction?
i. If you wanted to make more C and D in the present example what changes would you make to the reaction conditions?
3. Consider the following diagram which depicts the reaction for the synthesis of ammonia from nitrogen and hydrogen, then answer the questions that follow:















a. Write a balanced equation for the reaction

b. Study the following three diagrams:



ExpExplain what they are showing. If you were interested in the commercial manufacture of ammonia in which direction would you like the equilibrium to be shifted?
c. Can you suggest what might happen if you increased the temperature of the reaction? 

d. Will more ammonia form if the temperature is raised? Explain your answer. Note: The forward reaction is exothermic

e. Can you suggest what might happen if you increased the pressure of the reaction? Hint: The greater the number of particles present in gases, the greater the pressure. 

f. What would happen if you removed ammonia from the reaction vessel as it was being formed?

g. What would happen if a catalyst was added to the system? The commonly used catalyst for this reaction is iron.
h. Imagine that you have a company that produces ammonia for sale. What conditions would you suggest to maximise your ammonia output and therefore your profit?
4. Meet with your class and the teacher for a general discussion fo your findings.


Formative assessment
Assess your performance according to the checklist provided below 


	At the end of this activity I was able to:
	Yes
	No

	State and understand Le Chatelier’s Principle
	
	

	Use Le Chatelier’s Principle to determine what would happen to a reaction in equilibrium if concentrations of reactants or products were changed.
	
	

	Use Le Chatelier’s Principle to determine what would happen to a reaction in equilibrium if the reaction temperature were changed.
	
	

	Use Le Chatelier’s Principle to determine what would happen to a reaction in equilibrium if pressure were changed when reactants and products are in the gaseous state
	
	

	Make suggestions as to how to increase the yield of ammonia formed when hydrogen and nitrogen react with one another
	
	

	Understand the effect of a catalyst on a reaction in equlibrium
	
	


Answers:

a. In order to decrease the concentration of A again more A and B must react to give C and D, so the equilibrium will move to the right.

b. In order to increase the concentration of A again more C and D must react to give A and B, so the equilibrium will move to the left.

c. The reaction would have to adjust so as to reduce the pressure again. This can only be done by decreasing the number of particles present. In this case there are 3 particles on the left for every 2 particles on the right, so the reaction would move towards the right.

d. The reaction would have to adjust so as to increase the pressure again. This can only be done by increasing the number of particles present. In this case there are 3 particles on the left for every 2 particles on the right, so the reaction would move towards the left.

e. Changing the pressure would have no effect on the equilibrium.
f. The reaction would have to adjust so as to decrease the temperature again. This means that the reaction would need to use up the extra heat. In our example the reverse reaction uses up (takes in) heat so the equilibrium will be pushed to the left.

g. The reaction would have to adjust so as to increase the temperature again. This means that the reaction would need to give out extra heat. In our example the forward reaction gives out heat so the equilibrium will be pushed to the right.

h. It would speed up the rate at which equilibrium is reached but would not affect the position of the equilibrium. This is because the catalyst affects both the forward and the reverse reaction equally.
i. One would make changes that force the reaction to the right such as increasing the concentration of one of the reactants (for example A), reduce the temperature and, if dealing with gases, raise the pressure.
j. N2(g)   +   3H2(g)     ↔     2NH3(g)


k. In the first diagram the equilibrium has shifted to the LHS. This means that less of the product is formed when equilibrium is reached.
In the middle diagram the reaction is taking place under “normal” conditions.
In the third diagram the equilibrium has shifted to the RHS, so more product can be formed when equilibrium is reached.
In order to increase the amount of ammonia produced the reaction needs to be pushed to the right.

l. When the temperature is increased the rate of the reaction will increase, so the reaction reaches equilibrium faster. 

m. No extra ammonia will be formed. In fact, the rate of the reverse reaction will increase to counteract the increase in temperature (Le Chatelier’s Principle) so that there will be less ammonia at equilibrium. 

n. When the pressure in increased the reaction equilibrium will move in such a way as to reduce the number of particles, thereby reducing the pressure. This means the equilibrium would move towards the right.
o. If ammonia was removed the equilibrium would be destroyed so more hydrogen and nitrogen would react to form ammonia and try to restore the equilibrium.

p. A catalyst would speed up the rate at which equilibrium is reached (saving time and therefore money) but would not change the position of the equilibrium.

q. Work under conditions of high pressure to push the reaction to the right. Remove ammonia as it forms so that more hydrogen and nitrogen will convert to ammonia. Use a catalyst to speed up the rate of the reaction. Maybe use moderate heat to speed up the reaction rate without forcing the reaction towards the left.

Activity 12: Testing your understanding of reactions in equilibrium


Assessment standards

2.1  Recalling, stating and discussing prescribed concepts: recall and state basic prescribed scientific knowledge. (LO 2)

2.2 Explaining relationships: express and explain prescribed scientific theories and models by indicating some of the relationships of different facts and concepts with each other. (LO 2)

1) Work individually for this activity.

2) Answer the questions that follow:

a) Write an equation for a reversible reaction when solid ammonium nitrate decomposes to give gaseous dinitrogen oxide and water vapour.
(3)
b) Charcoal reacts with steam according to the following equation:
   
C(s)   +   H2O(g)   + heat   ↔     CO(g)   +   H2(g)
Predict (giving reasons) the direction of the shift in equilibrium after the stresses listed below:

i) Temperature is increased

ii) Pressure is increased

iii) A catalyst is added

iv) Concentration of water vapour is increased
v) H2(g) is removed






(10)
c) Name the principle you used to make these predictions

(1)

d) Sulfur dioxide (a gas) reacts with oxygen to produce sulphur trioxide (also a gas). The reaction is exothermic and reversible.

i) Write a balanced equation for the reaction


(2)

ii) What would happen to the yield of sulphur trioxide if you increased the pressure?







(2)

iii) What would happen to the yield of sulphur trioxide if you increased the temperature?






(2)
3) Exchange your work with a partner for marking under the guidance of your teacher. Assign the marks as designated and then adjust them according to the 6-point rating scale given below.


Formative assessment: Peer/Teacher

Learners mark each other’s work and assign a rating according to the 6-point scale.

Hand in the work for the teacher to check and record the marks.

	Mark
	Performance
	Rating

	
	Excellent
	6

	
	Good
	5

	
	Satisfactory
	4

	
	Can be better
	3

	
	Need help
	2

	
	Struggling
	1


Answers:
a.      NH4NO3(s)     ↔     N2O(g)   +   2H2O(g)



(3)
i. Equilibrium shifts to the right since the forward reaction is endothermic

ii. Equilibrium shifts to the left since it must shift towards fewer gas molecules

iii. Reaction rate increases but equilibrium does not shift

iv. Equilibrium shifts to the right to use up more water vapour

v. Equilibrium shifts to the right since product is being removed so more product must be produced to regain equilibrium    (10)
b.      
Le Chateliers’s Principle




(1)
i. 2SO2(g)   +   O2(g)     ↔     2SO3(g)



(2)
ii. Increased pressure would increase the yield of SO3(g) because the reaction equilibrium would move in the direction of fewer gas molecules.






(2)
iii. Increased temperature in an exothermic reaction would shift the reaction towards the left and the yield of SO3(g) would decrease.






(2)


Industrial preparation of ammonia
The process for industrial manufacture of ammonia is called the Haber process. This uses the reaction between nitrogen gas and hydrogen gas. The process was such a major contribution to industry that Haber was awarded the Nobel Prize for Chemistry in 1918 for it’s development. In fact, the process was of great help to the war effort in Germany during World War 1!
The hydrogen is obtained by burning methane and water, in the presence of a catalyst, to produce carbon dioxide and hydrogen, according to the following equation:


CH4(g)   +   2H2O(g)     →     CO2(g)   +   4H2(g)

The nitrogen is obtained by burning hydrogen in air to remove the oxygen and leave nitrogen, according to the following equation:

  
2H2(g)   +   air (N2  +   O2 mostly)     →     2H2O(l)   +   N2(g)

The steps of the Haber process are shown in the following annotated diagram:


Did you know: Ammonia is a very important ingredient of fertilisers such as ammonium nitrate and ammonium sulfate. It is also used in the manufacture of household cleaners, explosives such as nitroglycerin and trinitrotoluene, dyes and synthetic threads such as nylon and nitric acid
Activity 13: Summative assessment





Marks: 50






         
                                          
Assessment Standards: 

1.2 Interpreting data to draw conclusions: seek patterns and trends in the information collected and link it to existing scientific knowledge to help draw conclusions. (LO 1)

1.3 Solving problems: apply given steps in a problem-solving strategy to solve standard exercises. (LO 1)

 1.4 Communicating and presenting information and scientific arguments: communicate information and conclusions with clarity and precision. (LO 1)

2.1  Recalling, stating and discussing prescribed concepts: recall and state basic prescribed scientific knowledge. (LO 2)

2.2 Explaining relationships: express and explain prescribed scientific theories and models by indicating some of the relationships of different facts and concepts with each other. (LO 2)

Work individually and write your answers to the following questions where indicated by your teacher. Exchange your work with your partner for initial marking and then hand the work in for final assessment by the teacher. Your teacher will record your progress on a 6-point rating scale as follows:

	Description of competence
	Mark
	Rating

	Outstanding
	
	6

	Meritorious
	
	5

	Satisfactory
	
	4

	Adequate
	
	3

	Partial
	
	2

	Inadequate
	
	1


1. What is meant by the rate of a reaction?




(2)
2. For reactants to successfully convert into products what two things need to happen between the reacting particles?




(2)

3. What is a catalyst?







(1)

4. What is an enzyme?







(1)

5. If you had a biological detergent (one that contains enzymes) you would not use it in very hot water. Why? 
You would also not use it to wash woollen or silk clothes. Why?

(2)

6. Give two ways in which catalysts reduce production costs in industry.
(2)

7. Draw a diagram showing how a catalyst changes the energy needed for a reaction to take place and therefore speeds up the rate of the reaction.
(6)

8. Suggest a reason for each of the following:

a. Zinc powder burns more vigorously in oxygen than zinc foil does.
(1)

b. The reaction between manganese carbonate and dilute hydrochloric acid speeds up when some concentrated hydrochloric acid is added.








(1)

c. One can prevent spilled acid from causing too much damage if one pours a lot of water onto it.





(1)

d. Teeth decay more rapidly the more sweet things you consume.
(1)

e. A dead animal decays quite quickly in South Africa, especially in the summer. However, in Siberia, the bodies of mammoths that died about 30 000 years ago have been discovered, fully preserved under the ice.   
  








(1)

9. Explain what is meant by a reaction that is in dynamic equilibrium.

(2)

10. Write down the general equation for the equilibrium constant

(2)

11. Give two applications for using the equilibrium constant


(2)

12. State Le Chatelier’s Principle






(2)

13. For a reversible reaction between gases, if the forward reaction is exothermic what is the effect of raising the temperature?




(2)

14. For a reversible reaction between gases, if the forward reaction is endothermic what is the effect of raising the temperature?




(2)

15. Consider the following reaction which describes what happens in a catalytic converter used to reduce carbon monoxide emissions in motor car exhausts:
 
2CO(g)   +   O2(g)     ↔   2CO2(g)
Suppose the reaction is taking place in a closed vessel and is at equilibrium.

a. What would happen to the reaction equilibrium and the concentration of CO if a platinum catalyst were added?



(2)
b. What would happen to the reaction equilibrium and the concentration of CO if the temperature were increased? 



(2)
(Note: this is an exothermic reaction in the forward direction).

c. What would happen to the reaction equilibrium and the concentration of CO if the pressure were increased?



(2)
d. What would happen to the reaction equilibrium and the concentration of CO if the concentration of oxygen were increased?

(2)
16. Name the industrial process for the production of ammonia and write down the complete, balanced equation for its formation.



(5)
17. List four important uses for ammonia.




(4)


Answers:

1. The rate of a reaction is a measure of the change that happens over time, given by the amount of reactant used up per unit of time or the amount of product produced per unit of time.






(2)

2. The particles need to collide with one another in the proper orientation and they need to collide with sufficient energy.




(2)

3. A catalyst is a substance that speeds up the rate of a reaction without taking part in the reaction itself.






(1)  
4. An enzyme is a biological catalyst, made primarily of protein, which catalyses biological reactions.







(1)

5. Hot water would destroy the enzymes in a biological detergent. Also, wool and silk are natural fibres that might be damaged by the enzymes in the biological detergent.







(2)

6. Catalysts save money in industry by speeding up the process – time costs money, and they also allow reactions to take place at lower temperatures, so reducing the fuel costs.






(2)

a. The zinc powder has a greater surface area than the foil so more reactants can come into contact with one another and the reaction proceeds faster.






(1)

b. By increasing the concentration of one reactant (hydrochloric acid) the reaction proceeds more rapidly.




(1)

c. Dilution of the acid slows down any reaction that it might be involved in.








(1)

d. Increasing the consumption of sweet things increases the reactant, sugar, that bacteria convert into acid which causes tooth decay
(1)

e. The decay of animal flesh is catalysed by enzymes in bacteria. In the ice the temperature is too low for these reactions to take place and the frozen animals are preserved.





(1)

   










(6)
7. A reaction that is in dynamic equilibrium is one in which the rate of the forward reaction and the rate of the reverse reaction are equal, so the concentrations of reactants and products no longer change.


(2)

8. aA   +   bB     ↔     cC   +   dD

 

Kc     =   [C]c [D]d
 


   [A]a [B]b   






(2)


a. Predicting the direction in which a reaction will proceed to reach equilibrium

b. Predicting the extent to which products will have formed in a reaction at equilibrium







(2)
9. Le Chatelier’s Principle states that if a reversible reaction that is in a state of dynamic equilibrium is disturbed by changing the conditions, the reaction will do what it can to oppose that change.





(2)

10. For a reversible reaction between gases, if the forward reaction is exothermic raising the temperature?





            (2)

11. For a reversible reaction between gases, if the forward reaction is endothermic raising the temperature increases the yield.



            (2)



a. Equilibrium remains the same and CO concentration does not change 
    








(2)   
b. Equilibrium moves to the left and CO concentration increases
(2)
c. Equilibrium moves to the right and CO concentration decreases
(2)
d. Equilibrium moves to the right and CO concentration decreases
(2)
12. The Haber Process







(1)
 
N2(g)   +   3H2(g)     ↔     2NH3(g)




(4)

13. In fertilizers such as ammonium sulphate and ammonium nitrate
In the manufacture of household detergents
In the manufacture of explosives such as nitroglycerin and trinitrotoluene
In the manufacture of  dyes






(4)






Insert diagram of starting reaction e.g.zinc and HCl�





Insert diagram of completed reaction





Insert diagram of intermediate reaction











Insert diagram of apparatus


GCSE p119





You will need:


A flask containing a cork through which a glass tube is inserted


A gas syringe with a plunger


A stopwatch


Graph paper


Zinc pellets


1 M Hydrochloric acid





Insert diagram of apparatus


GCSE p 120





Suitable pic





Insert diagram of graph


GCSE p121


Example – not exact





Insert diagram 


Access RSC p219





You will need:


A flask containing a cork through which a glass tube is inserted


A gas syringe with a plunger


A stopwatch


Graph paper


Zinc pellets or granules – approx 0.5 g per experiment


1.0M HCl, 2.0M HCl and 0.5M HCl








Insert typical graph


GCSE p 122 as example – not exact





You will need:


Graph paper





Insert graph


GCSE p 122





You will need


Conical flask (100 ml)


Measuring cylinder (25 ml)


Beaker (100 ml)


Stop watch


Thermometer (-10oC - 110oC)


Bunsen burner, tripod, gauze


Sheet of white paper


2M Hydrochloric acid


Sodium thiosulfate solution (40g/l)�(about 60 ml per experiment)


Graph paper





Insert diagram of apparatus


GCSE p 123





You will need


Conical flask (100 ml)


Cotton wool stopper


Measuring cylinder (25 ml)


Stop watch


Balance or scale


2M hydrochloric acid


Marble chips (calcium carbonate)


Graph paper





Insert diagram of apparatus


GCSE p 123





Insert example of graphs


GCSE p 124





You will need:


Paper to prepare a chart


Suitable pens


Your imagination!





Insert fig a


GCSE p126





Insert fig b


GCSE p126








Insert fig c





Insert fig increased conc


GCSE p126








Insert fig increased temp


GCSE p127








Insert fig increased surface area


GCSE p127








Insert figs showing how the acid conc decreases over time


GCSE p127








Insert fig 


GCSE p127








Insert diagram


Corwin p533 for example





You will need:


Conical flask (100 ml) with bung and delivery tube


Measuring cylinder


Stop watch


Thermometer


Spatula


Bunsen burner, tripod, gauze


Teat pipette with 1 ml gradation


Syringe plus clamp 


Balance


Hydrogen peroxide (20 volume)


Manganese dioxide (1 g)


Filter funnel and filter paper


Graph paper





Insert apparatus diagram


Collected exps p 297





You will need:


Paper for creating a chart


Suitable pens





Insert simple diagram that does not show activation energy





Insert diagram showing activation energy





Insert annotated diagram for an exothermic reaction





Insert annotated diagram for an endothermic reaction





Insert annotated diagram for an exothermic reaction showing the activation energy “hump”


Show that ΔH stays the same 





Insert annotated diagram for an exothermic reaction with an without an enzyme present


GCSE p128





Pic showing collision theory


Eg Corwin p 533


Or RSC Jones p 205





GCSE Chem p130


CIEC Catalysis photocopy p1-2 may be better





Home brewing pic





Insert diagram


GCSE p134








Simple balance with A and B on LHS and C and D on RHS





GCSE p218


McMurry & Fay p531








e.g GCSE p128





McMurry p525





You will need:


Card for recording findings


Suitable pens








You will need:


About 50 small squares of paper, coloured differently on each side e.g. red and blue


1 dice


Paper and pens for recording results





□ □ □ □        □ □ □ □ □


□ □ □ □        □ □ □ □ □


□ □ □ □  or  □ □ □ □ □


□ □ □ □        □ □ □ □ □





Xa


www.chemguide.co.uk/physical/equilibria/introduction.html





Xb





Xc





Shifting equilib to RHS





Equilibrium








Shifting equilib to LHS


GCSE p134











