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Instructions and answers for teachers

These instructions cover the student activity section which can be found on page 14. This Topic Exploration Pack supports OCR A Level Chemistry A.
When distributing the activity section to the students either as a printed copy or as a Word file you will need to remove the teacher instructions section. 
Learning outcomes 
3.2.2 Reaction rates
(a)
the effect of concentration, including the pressure of gases, on the rate of reaction, in terms of frequency of collisions

(b)
calculation of reaction rate from the gradients of graphs measuring how a physical quantity changes with time

(c)
explanation of the role of a catalyst:

(i)
in increasing reaction rate without being used up by the overall reaction

(ii)
in allowing a reaction to proceed via a different route with lower activation energy as shown by enthalpy profile diagrams

(d)
(i)
explanation of the terms homogeneous and heterogeneous catalysts


(ii)
explanation that catalysts have great economic importance and benefits for increased sustainability by lowering temperatures and reducing energy demand from combustion of fossil fuels with resulting reduction in CO2 emissions

(e)
the techniques and procedures used to investigate reaction rates including the measurement of mass, gas volumes and time

(f)
qualitative explanation of the Boltzmann distribution and its relationship with activation energy

(g)
explanation, using Boltzmann distributions, of the qualitative effect on the proportion of molecules exceeding the activation energy and hence the reaction rate, for:

(i)
temperature changes

(ii)
catalytic behaviour
Introduction 
Review of GCSE work on rates of reaction
The majority of learners will come to this topic with a sound, basic knowledge of the ideas of kinetics (although they may never have used the term ‘kinetics’ to describe the work they are now covering). They should also be able to apply the ideas of collision theory to explain the effect on rates of reaction of factors such as concentration, temperature and surface area. While able to describe the effect of a catalyst, most learners are unaware of the fact that a catalyst works by providing a new reaction pathway of lower activation enthalpy.
Although the learners have met this material prior to AS or A Level, it will be necessary to review this work and ensure that they are confident in the use of key terms. Activity 1 provides an excellent opportunity to carry out formative assessment on learners’ understanding and their ability to describe the results of a simple kinetics experiment in terms of collisions and the correct use of the term ‘activation energy’. 

Activation energy is often a source of confusion in the manner in which learners use the term. Learners will say that the reactants need to ‘overcome’ the activation energy, implying an insecure understanding of the concept of a minimum energy required for a collision to be successful. Describing the activation energy as an ‘energy hill’ that has to be climbed does not help in overcoming this misconception. The concept that learners find hard at this point is the idea that the molecules have energy already, in the form of kinetic energy, and if this energy is sufficient, then the reaction can occur. 
Temperature as a factor that affects rates requires a deeper level of understanding as learners need to combine the implications of the fact that at higher temperatures the molecules have a greater kinetic energy. The result of this is two-fold. Firstly, collisions will happen more frequently, so there is a greater number of successful collisions per unit time. Secondly, as the average energy of the molecules is greater, every collision has a greater chance of being successful. The effect of the increased average energy far outweighs the effect of the more frequent collisions.
Key points in this topic
The collision theory is central to a qualitative explanation of kinetics and the effect of external factors, such as concentration, and it is hard for learners to move onto the more advanced material without cementing this concept.

Looking deeper into the topic, learners meet the Boltzmann distribution. This is a distribution curve showing the proportions of particles found at different energies. Learners should be able to draw the basic shape of the curve by the end of the topic and the change in the shape as temperature alters. It is worth taking time to note that the energy referred to in the graph is the kinetic energy of the particles and this idea helps learners grasp the concept of energy in collisions. The distribution curve itself is derived from a statistical approach to quantum mechanics; this is why the line starts at the origin, as there are no quantum levels at zero energy. This is not required for the specification, but is a noteworthy point for more able learners.

The Boltzmann distribution is essential to a higher description of reaction rates as it allows learners to see the proportion of a reaction mixture with enough energy to react. 

The action of catalysts forms the third key strand in the topic. Learners should be able to explain that a catalyst increases the reaction rate by providing an alternative route with a lower activation energy. This can be depicted in enthalpy profile diagrams.
A heterogeneous catalyst provides a surface on which the reaction may happen and this provides a reaction pathway with lower activation enthalpy, generally by making the reactants more reactive. Meanwhile, a homogeneous catalyst is actively involved in the reaction. It actually reacts with the chemical species to produce an intermediate, or transition state, that then goes on to react further to form products and re-form the catalyst. 

The high surface area of solid, heterogeneous catalysts in the cracking of crude oil fractions or in the convertors in car exhausts provide a real-life context. Certain organic reactions studied in the specification, such as elimination and substitution of alcohols, provide examples of homogeneous catalysis.
Activity 1: Studying the factors that affect the rate of a chemical reaction

The point of the experiment is to provide an opportunity for learners to remember all they have learnt on this topic prior to this point.

The suggested experiment is the disappearing cross in which sulfur is precipitated to produce a cloudy and eventually opaque solution. The experiment is very common in schools, but a method can be found at http://www.rsc.org/learn-chemistry/resource/res00000743/the-effect-of-concentration-on-reaction-rate
However, there are numerous other simple experiments that would fit this task perfectly, such as measuring the production of a certain volume of carbon dioxide in the reaction of calcium carbonate and hydrochloric acid.

The activity is split into three parts with a practical section followed by analysis using a spreadsheet and evaluation of the method. The final extension work is used to allow learners to calculate percentage uncertainties for their experimental readings.

Health and safety
Health and safety should always be considered by a centre before undertaking any practical work. A full risk assessment of any activity should always be undertaken.

It is advisable to check the CLEAPSS website (http://sciences.cleapss.org.uk) in advance of undertaking any practical activities.

Task 1

In this section, learners could work individually or in small groups to plan to investigate one factor affecting the rate of a chemical reaction. The amount of guidance that you feel is appropriate regarding the method will depend on your own knowledge of your teaching group as well as time available to complete the activity. However, ensure that learners are aware of hazards and risks associated with the procedure. The reactants used for the ‘disappearing cross’ experiment are low hazard, but due to the production of SO2 disposal must be well-managed (see below) and known sufferers of asthma should be monitored closely.
The link to the RSC method gives a very easy to use plan and includes technical requirements for the practical. 

Skills being developed here include the selection of appropriate equipment, risk assessment and controlling of variables to ensure valid results. 

It is recommended that mixtures produced in this activity are disposed of into containers of saturated sodium carbonate solution (approximately 0.5 mol dm–3) with indicator added to neutralise the sulfur dioxide produced, and neutralise the H+ ions to stop the reaction and prevent production of further sulfur dioxide.
Task 2

The analysis of data using Excel forms the main part of the second section. Using Excel should not be seen as an easy option to pen, paper and calculator as the learners have to stop and consider what they now need to do as chemists to process the data in order to be able to make a conclusion based on evidence. This pack includes an example of a spreadsheet that could be used to process data from an activity of this nature. This could be very useful if time is a limiting factor in the delivery of this topic. 

This would work equally well as a classroom activity that follows the practical or as a homework in which learners construct a spreadsheet and present in a later lesson. 

The learner activity sheet gives guidance as to the contents of the spreadsheet and ideas to include in a written conclusion to the experiment. Clearly this can be altered on the document prior to use depending on the needs and ability of the class. 

The completed piece of work allows immediate assessment of understanding in terms of qualitative descriptions of the effects of concentration and temperature on rate as explained by collision theory. The work also allows learners to demonstrate skills related to the Practical Endorsement, including investigative approaches in designing the method (1.2.1b, CPAC2), and using software to process results (1.2.1g, CPAC5). As the activity also involves performing a clock reaction, this activity fits within PAG10 of the Practical Endorsement model. However, it may be expected that learners conduct further work on clock reactions when studying orders of reaction in Module 5.
Extension
Possible extension work could include an evaluation of the data by considering the uncertainties in the experiment. Understanding of uncertainties and errors will be assessed in exams (specification reference 1.1.4(d)). More on uncertainties can be found in the Practical Skills Handbook for GCE Chemistry.

The worksheet takes learners through the measurements in the experiment in order of complexity.

First, we consider the volume measurements, introducing the straightforward calculation of a percentage uncertainty inherent in this type of measurement. Note that if learners have measured volumes by difference (e.g. using a burette) then the calculation is (2 × uncertainty / volume) × 100%, because there is an uncertainty in both the initial and final measurements.

Next, the issue of uncertainties in temperature readings is touched on, asking learners to think about whether this would be meaningful. Calculating percentage uncertainties for values in °C is not meaningful as 0 °C is not actually a zero point. However, converting the temperatures to kelvin brings its own issues as the thermometer does not measure across the whole temperature scale. (Note that in experiments where a temperature difference is measured, such as enthalpy change experiments, the uncertainty in the measurement of the difference can be calculated using the same formula as given above for volume measurements by difference.)
At this point, you could look at the rate–temperature graph and have learners indicate the absolute uncertainty in the temperature measurements on their graph. As long as sufficient data points have been collected, the line of best fit compensates for any uncertainty in individual measurements. Learners could plot error bars for the temperature measurements and see if they can draw a line of best fit within them.

Finally, there is a consideration of time measurements. When using a stopwatch that records time to multiple decimal places, the factor of human reaction time and human error outweigh the apparatus uncertainty. For this reason, in this type of experiment the reaction time is generally recorded only to the nearest second. Besides reaction time, learners could consider sources of error in determining exactly when to start the stopwatch – e.g. when you start adding the final reactant, or when it’s all added, or when the reactants have been mixed? How do you ensure the addition and mixing is always done in the same amount of time? What uncertainty is there in deciding exactly when to stop the clock? One solution to these issues could be to video the experiments and take the reaction time from the video timer. A consistent point can be picked from which to start timing, and comparing how the reaction mixture looks to a reference mixture can bring consistency in stopping points.

Activity 2: Understanding the Boltzmann distribution

This activity uses an analogy to help learners comprehend what the Boltzmann distribution is telling them. 

This task opens with a broad introduction into the importance of the Boltzmann distribution and then develops into a whole-class activity that provides a good analogy for the distribution through a kinaesthetic activity.

The PowerPoint that goes with the activity works to form a set of notes on the topic and the questions on the PowerPoint lend a lot of structure to the task. 

As an opener, learners are asked for their definition of the term ‘activation energy’ and why this term is important to the collision theory of kinetics. A good working definition of the term is ‘the minimum energy required for a reaction to take place’, but this idea needs to be linked to the kinetic energy of moving particles to understand why some collisions result in reaction and others do not.
The learners are then asked to demonstrate their understanding of the term by answering a question on the effect of a temperature increase on the rate of a reaction. 

In their answers, key points to look out for are:

· increasing kinetic energy of the particles

· more frequent collisions

· an increase in the average energy of any one collision

· a much greater probability of each collision being successful

· an overall increase in rate.
The activity now turns to the Boltzmann distribution, which helps us to answer the key question: 

How many particles in a sample have enough energy to react when they collide?

Analogy task to assist understanding: Measuring the height of the class
Once again, the PowerPoint takes learners nicely through the steps of this activity in which they measure the heights of all members of the class and then display the results as a bar chart with a bell-shaped distribution curve. A central graph may be produced to improve pace in the lesson, but each learner should put a copy in their notes. 

The PowerPoint notes the analogy between this curve and Boltzmann; the height chart shows the number of learners in each height range, Boltzmann shows us the number of particles with each value of kinetic energy. 

The learners should note some of the key features of the distribution curve.  For example:

· No particles have zero energy.

· There is a peak, which shows the energy at which a maximum number of particles are to be found.

· The distribution tails off at higher energies but does not touch the x-axis.

As we come to look at activation energy, the learners can look again at the height chart they have produced for the class. What if they were to all go on a trip to an amusement park at which there are height restrictions for certain rides? Can they now mark on the chart a line that divides those that can go on the ride and those that cannot? They could even colour in the columns on the bar chart of those learners that can go on the rides at the park. (Here you may need to think of a suitable height that fits nicely with the distribution curve for your class.)

The height restriction at an amusement park can be seen as an analogy to activation energy in a reaction. Particles collide often, but only those with sufficient energy will react, just as a child may turn up to ride the rollercoaster only to be turned away. 

Finally the learners look at how the shape of the graph alters at different temperatures. Take time to draw their attention to the key features. At higher temperatures:

· the peak moves to the right

· the peak is lower

· the graph is more ‘smeared out’

· the tailing off towards higher energies takes longer

· the proportion of particles with energy equal to or greater than the activation energy increases.

The PowerPoint slides end with four suggested answers to explain the effect of temperature on rate of reaction. The varying quality of the answers is designed to promote discussion in the class. Asking the learners to correct what they see could bridge nicely into asking them to write their own correct explanation. 

Activity 3: Heterogeneous and homogeneous catalysis

This activity covers a short set of review questions, a practical activity and two stretch and challenge exercises.
What can you remember about catalysts? (A quick review)

Give out the first section of the worksheet and allow learners time to consider the questions in ‘What can you remember about catalysts?’

In terms the role of a catalyst, many learners focus on the idea of speeding up rate and not being used up – which is of course its role at a macroscopic level. Take time to draw out the more advanced idea that the catalyst provides an alternative reaction pathway of lower activation energy, bringing in ideas about the Boltzmann distribution.

As to why catalysts are used in industry, learners will often miss the idea that catalysts allow reactions to occur more quickly at less extreme temperatures and pressures. This means energy demands are much lower, resulting in lower costs and less CO2 produced. 

Questions 3 and 4 encourage thinking about the catalyst as a participant in the reaction, rather than a ‘bystander’ that magically makes reactions happen. Links can be made to thinking about the role of surface area in reaction rate – the more surface area available, the faster the reaction.

A catalysed reaction
In this task, learners get the opportunity to watch catalysis at work and then draw conclusions about the nature of the process. 
An excellent experiment, that works very well as a class practical taking about 45 minutes, is the ‘traffic lights’ practical. A full method with technical requirements can be found at http://www.rsc.org/learn-chemistry/resource/res00001007/traffic-lights-demonstration
The cobalt(II) ions act as catalysts and move from a pink colour to a dark green as they form an intermediate and then back to pink, revealing the two step nature of homogeneous catalysis.

Learners can extend this activity by using an ice bath. If the reaction mixture is cooled quickly at the green stage, it will remain there. Warming it back to room temperature gives the particles enough energy to go on to form the products and re-form the pink coloured catalyst. 

Carbon dioxide is evolved in the reaction and the fizzing takes place at a very slow rate even when hot, but very quickly on the addition of the catalyst.

Conclusions that learners can draw or be prompted to draw:

· The transition metal (cobalt(II)) acts as a homogeneous catalyst as it is in the same state as the reactants.

· Cobalt(II) is pink in solution, so it must have reacted to form a new oxidation state (green) and then reacted again to go back to its original state.

· Homogeneous catalysts work in this manner. They actively react with the reacting mixture and then are reformed to act as a catalyst again. 

Homogeneous catalysis – the alkylation of benzene
This stretch and challenge task allows more able learners to consider how a homogeneous catalyst may act to open a new reaction pathway with a lower activation enthalpy. 

The activity looks at how a catalyst of aluminium chloride may catalyse the alkylation of a benzene ring. The sheet prompts learners to consider what may happen following the formation of the alkyl cation. This links the idea of catalysis with ideas about organic reactions and mechanisms, and learners will require some familiarity with the principles of organic reactions to make a start with this activity. 

Learners are encouraged to research and use the Kekulé structure of benzene to help predict the reaction mechanism. The activity thus provides some preparation for content that comes up later in the course, or could be used at a later point to review understanding of catalysis.

The reaction mechanism is:
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Heterogeneous catalysts – the production of sulfuric acid

This extension exercise provides additional insight into the operation of heterogeneous catalysts and their use in industry. The catalysis mechanism shown is one where the heterogeneous catalyst actually participates in the reaction, similar to the mechanism of a homogeneous catalyst. Other heterogeneous catalysts work differently; when reactants adsorb to the surface, bonds within the reactants become weaker, increasing the reactivity. The catalyst itself does not feature in the mechanism of the reaction.

Answers
Why do you think heterogeneous, rather than homogeneous, catalysts are the choice of industry?

	They are easily removed at the end of the process. There are no purification costs.


Heterogeneous catalysts are used in reactions that have an activation energy so high that the rate without a catalyst would be negligible. 

The conditions for the Contact Process are 450 °C and 2 atm. What would be the consequence to these conditions if there were no catalyst available?

	The temperature and pressure would need to be raised to fantastic levels. This would require huge amounts of energy and bring massive costs.


Explain why arsenic might be less of a problem when vanadium(V) oxide is used as a catalyst than when platinum is used.

	The stability constant of the complexation of arsenic with platinum will be greater than for sulfur dioxide with platinum. The arsenic binds more strongly.

With vanadium(V) oxide, the stability constant of the complexation with arsenic will be much lower.


Give the oxidation numbers for the vanadium compounds in the mechanism for the oxidation of sulfur dioxide.

	V2O5: +5
V2O4: +4


Draw a diagram to illustrate the mechanism for the oxidation of sulfur dioxide.
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N.B. this example diagram only shows the actual oxidation of sulfur dioxide. Learners may also wish to show the reaction of the catalyst with O2 and reformation of the V5+ ion. More elaborate sketches could show the ions in the catalyst in correct proportions, and depict the electron transfer. 


Test yourself questions - Answers
These questions allow the review of the topic through a series of questions and short activities. It could be completed as part of a review lesson or given as an end of topic test. 
1(a) There are two possible answers to this question.

Quenching – the reaction can be followed by allowing it to proceed in a large vessel.

· Samples of known volume (use of pipette) are extracted at set time intervals.

· These samples are dumped into flasks containing a large quantity of cold solvent.

· The reaction effectively stops.

· The amount of acid in the sample can be calculated via titration with sodium hydroxide of known concentration.

· Use of a suitable indicator.

· A graph of concentration of acid with time can be drawn to show rate of reaction.

Direct monitoring – the pH will change with time

· The reaction mixture will become more acidic with time.

· A pH meter can be used to monitor the falling pH.

· Universal indicator does not give good enough resolution.

· pH can be used to work out the amount of acid produced (as pH is not covered in the first year of the course learners may not yet appreciate this).

· A graph of pH / acid produced against time can be drawn to show rate of reaction.

1(b) H+ is a homogeneous catalyst because it is in the same phase (aqueous) as the reactants.

1(c) Key points:

· The H+ ions react with one of the reactants (the ester).

· This forms an intermediate.

· The intermediate breaks apart to form the products.

· H+ is reformed.

· The reaction pathway has a lower activation energy than the non-catalysed route. 

2(a) Key points:

· correct calculation of means
· ignore any anomalous results when calculating means
· x-axis: correctly labelled and correct units

· y-axis: correctly labelled and correct units

· both axes occupy at least half the graph paper in both directions

· points plotted accurately 

· smooth curve of best fit (do not join the dots).

(b) Graphs should be appropriately marked to show the calculation of the gradient at each point. Gradients have the unit cm3 s–1, and thus the gradient is equivalent to the rate of reaction at that time. The gradient at t = 0 s is approximately 0.8 cm3 s–1; at t = 100 s it is approximately 0.4 cm3 s–1.
(c) Key points:
· Reactants are being used up.

· Concentration of acid is decreasing with time.

· Surface area of calcium carbonate is decreasing with time.

· Fewer successful collisions per unit time (second).

· Lower rate of reaction.

(d) The gradient is equivalent to the rate of reaction. The value of the gradient gets less with time, indicating that the reaction slows down. This can be seen at a glance by the fact that the graph begins steep and becomes more level.
(e) Key points:
· Second line starts at origin.

· Second line rises more steeply at first.

· Second line asymptotically approaches horizontal line of volume = 100 cm3.

· Second line does not go above volume = 100 cm3.

3(a) Powder has a much higher surface area than larger particles, so provides more surface where catalysis can take place.

(b) Key points:

· A catalyst allows the ammonia to be produced faster.

· With no catalyst, more extreme conditions would be required.

· More extreme conditions would require more energy, resulting in higher costs and more CO2 produced.
(c) Water would lead to the iron rusting, which is a case of catalyst poisoning. Because there is less surface area available the catalyst would be less effective.
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Topic Exploration Pack

Kinetics and catalysis

Learner activity
Learner Activity 1 – Studying the factors that affect the rate of a chemical reaction
This is a practical activity with an extension in which you will analyse your results to draw a conclusion from the data. 

In Task 1 you will complete an experiment and collect enough results to make a conclusion.

The experiment you are going to use is the reaction between sodium thiosulfate and hydrochloric acid, often called the disappearing cross experiment. Your teacher will provide you with a basic method and appropriate apparatus.
The equation is:


Na2S2O3(aq)  +  2HCl(aq)  (  2NaCl(aq)  +  SO2(aq)  +  H2O(l)  +  S(s)

The sulfur is produced as a solid precipitate and it is this chemical that makes the solution get cloudy. We are going to measure the time it takes for the solution to get so cloudy that you cannot see through it to see a cross on a piece of paper underneath the reaction vessel. 

Having completed Task 1, you will then need to produce an Excel spreadsheet to analyse the results and display them as a graph in order to draw a conclusion.

Task 1
You will need to collect a set of results for the disappearing cross experiment. Your teacher will give you a basic method for this experiment, but you will first need to plan the nature of your investigation. 

Use these questions to prompt your thinking:

· What independent variable will you investigate?

· What will you record in order to work out how fast the reaction has happened?

· What are you going to do in the experiment to change the values of the independent variable?

· What factors do you need to keep the same? How will you do this?

Are repeats appropriate? If so, how many?
Create a blank table ready to record the results before you start the experiment.

Health and safety
Wear eye protection throughout.

The solutions used in the activity are not currently classified as hazardous.

Sulfur dioxide is produced in the reaction. Inform your teacher if you are asthmatic, and dispose of your chemicals as directed by your teacher.
Task 2

Now that you have collected the results for your experiment, you are going to use Excel to create a spreadsheet that will produce a suitable graph for this experiment.

The experiment that you completed is known as a clock reaction. This means that we time how long it takes for the reaction to have produced a certain amount of a product and this is used to compare experiments to find the rate. In the case of this experiment, we measured the time it took to produce enough sulfur to make the solution too cloudy to see through. 

In a clock reaction, the rate of reaction can be simply calculated by the following formula:


rate of reaction = 1/time for the cross to disappear

Now you will need to create your spreadsheet and present your findings. Consider the following points:

· You will need to take a mean of the repeats, but what will you do with anomalous results?

· How will you process the raw data to find the rate of reaction?

· What type of graph is most suitable for your results?

Finally, you will need to write a conclusion for your experiment. Use the chemical ideas that you met at GCSE to describe what you observed in the investigation and to explain what happened. You may wish to include diagrams to help your explanation. 

Finally, include a brief evaluation of the actual procedure. What may have caused any anomalous results or errors in the experiment? Do you think these errors are significant? What would you do differently if you were to repeat the investigation?

Extension task: percentage uncertainties

A proper analysis of an experiment should include a consideration of uncertainties in measurements.

You probably had to measure volumes of solutions. These measurements carry an uncertainty that depends on the glassware used. For example, if you measured out 25 cm3 of a solution using a measuring cylinder then we can work out the percentage uncertainty in the following steps.

Look at the measuring cylinder you have used. At the top, above the scale, there should be information about the uncertainty inherent in measurements using this apparatus. This will be indicated with ‘±’. Usually, the uncertainty is either equal to the divisions on the scale, or equal to half the divisions on the scale.

If you can’t find this information, assume that the uncertainty is equal to half the divisions on the scale. For example, if you used a 50 cm3 measuring cylinder with divisions of 1 cm3, the uncertainty in the measurement would be ±0.5 cm3. We should, therefore, write the actual volume as 25 cm3 ± 0.5 cm3.
As a percentage, this comes out as:

(0.5 / 25) × 100% = 2%

Repeat this process for the other volume readings you took to determine the percentage uncertainties.

If you took temperature measurements, you will have to consider this carefully. Is it meaningful to calculate a percentage uncertainty of a single temperature measurement? Think about the scale that we use to measure temperature. How does drawing a line of best fit graph help to deal with uncertainty in individual measurements?

Now think about your time measurements. You might have used a stopwatch that records time to two or more decimal places. When using digital apparatus the measurement uncertainty is assumed to be ± the resolution of the apparatus in each measurement. That is, if the stopwatch records to 0.01 s, the resolution is ±0.01 s.

However, there are other factors to take into account when measuring time. Your measurement of time is dependent on starting and stopping the clock at the right point. Human reaction time is about 0.2 s–1 on average, and is not consistent (that is, you can’t treat human reaction time as a systematic error, one that introduces the same error in every measurement). So, is it meaningful to record time to two decimal places? Can you think of any other issues in recording time accurately?

How could you adjust your procedure to avoid these issues in the time measurements?
Learner Activity 3 – Heterogeneous and homogeneous catalysis
What can you remember about catalysts? (A quick review)

1. What is the role of a catalyst?

	


2. Why are catalysts regularly used in chemical industry?

	


3. Why are most heterogeneous catalysts in industry in the form of fine powder?

	


4. Catalyst poisoning occurs when chemical species bond irreversibly to the surface of the catalyst. What would be the effect of this process?

	


A catalysed reaction
Carry out the ‘traffic lights’ experiment using the method given by your teacher.

Write down the main observations you made in the catalysed and uncatalysed reactions.

	


What conclusions can be made about the action of a homogeneous catalyst?

	


In this experiment, the pink colour was due to the cobalt(II) ions, which acted as a homogeneous catalyst. The green colour observed was cobalt(III) ions. 

Using this information, write a short account of how cobalt(II) behaves as a catalyst in this reaction. Remember to include any key vocabulary you have encountered.

	


Homogeneous catalysis – the alkylation of benzene
You should now know that a homogeneous catalyst works by reacting with the chemicals to form an intermediate. Then a further reaction takes place and the catalyst is reformed so it can catalyse another reaction. 

You are going to consider a reaction called alkylation:


benzene
+
chloromethane
(
methylbenzene
+
hydrogen chloride


C6H6
+
CH3Cl
(
C6H5CH3
+
HCl
The catalyst for this reaction is AlCl3.

Your task is to work out the mechanism of the chemical reaction when a catalyst is added. 

The first step is the reaction of the aluminium chloride with chloromethane:


AlCl3  +  CH3Cl  (  AlCl4–  +  CH3+
Write a suggested equation for the reaction of the CH3+ ion with benzene and then a second step to form the methylbenzene.
	


Finally, suggest a step that would lead to the AlCl3 being re-formed:

	


Hint: if you are stuck with the first and second step, find out about the ‘Kekulé’ structure of benzene and consider how this might react with CH3+ by thinking about the reactions of alkenes that you have met before. 

Heterogeneous catalysts – the production of sulfuric acid
Read through the information below about the industrial production of sulfuric acid. Discuss with your classmates how you think a heterogeneous catalyst might work. Then have a go at the questions that follow.
	Sulfuric acid is one of the most widely used chemicals in the world. Countries’ production of the chemical has been used as a measure of their global importance in manufacturing.

An important production method for sulfuric acid is the Contact Process. In the first step of this process, sulfur dioxide is oxidised in the presence of an excess of oxygen and a suitable catalyst, producing sulfur trioxide.

There are a variety of materials that can catalyse this process. The two main ones used are platinum and vanadium pentoxide. Both of these are used as very finely divided particles supported on silica. The catalysts are placed in cylinders inside the processing vessel and the gases pushed through them.

Platinum was the original catalyst used. It is still used today, but it is easily made inefficient by reaction with trace substances in the SO2 such as arsenic. A mere 0.2% by mass of arsenic present will halve the effectiveness of the catalyst. Arsenic binds more powerfully to the catalyst surface, blocking it from the SO2 molecules. This is known as catalyst poisoning. The platinum can be regenerated by heating in a stream of hydrogen. However, this involves its removal from the contact chamber, and highly toxic materials such as arsine are produced.
Vanadium(V) oxide, V2O5, is almost as efficient as platinum, but has much lower attraction to impurities such as arsenic. It therefore has a longer useful life in the chamber. Its operating temperature is similar to that of platinum at 450 °C.

The mechanism of both catalysts involves adsorption of SO2 onto the surface. In the case of vanadium(V) oxide this is thought to proceed through the following mechanism:


SO2  +  V2O5   (  SO3  +  V2O4

V2O4  +  ½O2  (  V2O5 


Why do you think heterogeneous, rather than homogeneous, catalysts are the choice of industry?

	


Heterogeneous catalysts are used in reactions that have an activation energy so high that the rate without a catalyst would be negligible. 

The conditions for the Contact Process are 450 °C and 2 atm. What would be the consequence to these conditions if there were no catalyst available?

	


Transition metals can form complexes, in which they are bound to other species known as ligands. The equilibrium constants for such reactions are known as stability constants (Kstab).

Platinum and vanadium are transition metals, and the adsorption of other species to the surface of catalysts is a type of complex formation. Catalyst poisoning occurs when there is a trace substance in the reaction mixture that binds more strongly to the catalyst than the reactant. The stability constant for the catalyst–poison complex is greater than that for the catalyst–reactant complex.

Explain why arsenic might be less of a problem when vanadium(V) oxide is used as a catalyst than when platinum is used.
	


Give the oxidation numbers for the vanadium compounds in the mechanism for the oxidation of sulfur dioxide.

	
	


Draw a diagram to illustrate the mechanism for the oxidation of sulfur dioxide.
	


Test yourself questions

Complete the following questions to review and check your understanding of the kinetics topic.

1. A student wants to study the rate of a chemical reaction in which an ester, ethyl ethanoate, reacts with water to produce a carboxylic acid and an alcohol.


ethyl ethanoate + water ( ethanoic acid + ethanol


CH3CO2CH2CH3  +  H2O  (  CH3CO2H  +  CH3CH2OH

This reaction happens slowly at room temperature.

(a) Using the fact that one of the products is an acid, plan a method by which this reaction can be followed to find the rate of reaction. 

In your answer, include:

· a simple labelled diagram

· a basic method

· a detailed description of how you will use data to work out the rate of reaction. 

	


(b) This chemical reaction in which the ester is hydrolysed will happen at a much faster rate in the presence of dilute acid, such as dilute sulfuric acid. 

In this reaction, the H+ ions are acting as a homogeneous catalyst.

Why do we describe the H+ ions as homogeneous catalysts?

	


(c) Using your understanding of catalysis, explain what the H+ ions are doing in the reaction to make the reaction happen at a faster rate.

	


2.  A student is looking at the effect of concentration on the rate of the reaction between calcium carbonate and hydrochloric acid.


CaCO3(s)  +  2HCl(aq)  (  CaCl2(aq)  +  H2O(l)  +  CO2(g)
To do this she collects the carbon dioxide gas and records the volume of gas every 10 seconds for 200 seconds. 

Here are her results for acid at a concentration of 1 mol dm–3:

	
	Volume of carbon dioxide produced / cm3

	Time / s
	Run 1
	Run 2
	Run 3
	Mean

	0
	0
	0
	0
	 

	10
	7
	3
	6
	 

	20
	13
	13
	12
	 

	30
	18
	20
	17
	 

	40
	24
	22
	24
	 

	50
	29
	27
	33
	 

	60
	34
	34
	35
	 

	70
	38
	36
	39
	 

	80
	42
	40
	42
	 

	90
	46
	45
	47
	 

	100
	49
	50
	49
	 

	110
	53
	54
	56
	 

	120
	56
	56
	57
	 

	130
	59
	61
	60
	 

	140
	61
	62
	62
	 

	150
	64
	63
	65
	 

	160
	66
	65
	67
	 

	170
	69
	67
	70
	 

	180
	71
	70
	71
	 

	190
	73
	72
	73
	 

	200
	74
	73
	75
	 


(a) On graph paper, plot a graph of the volume of gas produced against time. Choose suitable axes. 
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(b) By drawing tangents to the graph, measure the rate of reaction at the start of the reaction and after 100 seconds.
	


(c) Use the ideas of collision theory to explain why the reaction slows down with time. 

	


(d) How does the graph show that the reaction is slowing down?

	


If left to completion, the reaction mixture will produce a maximum of 100 cm3 of CO2.

The student repeats the experiment with a more concentrated solution of HCl, while using the same overall amount. 

(e) Sketch a second line on your graph to show roughly how the volume of gas will change over time for this second experiment. 

3. In the Haber Process, nitrogen and hydrogen gases react to produce ammonia. Ammonia is a very useful chemical product, especially in agriculture where it is used to produce fertilisers that increase crop yield.

The catalyst for this reaction is powered iron.

(a) Why is the iron powdered?

	


(b) The Haber Process happens at high temperature and pressure. Why is a catalyst necessary?

	


The gases are thoroughly dried before being allowed into the reaction chamber in the industrial Haber process. 

(c) What would be the effect on the catalyst if the gases were still damp?
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