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                       Topic 6 Chemical Kinetics 
6.1 Collision theory and rate of reaction
6.1.1 What is ‘rate of reaction’?
Rate of reaction is the speed at which reactants are used up or products are formed.
Learning objectives 
· Understand what is meant by and define the rate of a chemical reaction 
· Describe experimental methods for measuring the rates of various types of chemical reactions 
· [bookmark: _GoBack]Analyse numerical and graphical data from rate experiments
Essential ideas
· The greater the probability that molecules will collide with sufficient energy and proper orientation, the higher the rate of reaction.
· Species react as a result of collisions of sufﬁcient energy and proper orientation. 
· The rate of reaction is expressed as the change in concentration of a particular reactant/product per unit time. 
· Concentration changes in a reaction can be followed indirectly by monitoring changes in mass, volume, and colour. 
· Activation energy (Ea) is the minimum energy that colliding molecules need in order to have successful collisions leading to a reaction. 
· By decreasing Ea, a catalyst increases the rate of a chemical reaction, without itself being permanently chemically changed.

Introduction 
The word kinetics, derived from the Greek word kinesis, refers to movement. It is important to know for how long a certain reaction will continue – for example, the radioactive effect from radioactive waste. Knowledge of reaction kinetics also gives insights into how reactions happen at the molecular level by suggesting a sequence of bond breaking and bond making, known as the reaction mechanism. Through the postulates of the collision theory, we will come to understand why different factors affect the rate of reactions.


Experiments to measure the rate of reaction

1. Measurement of the rate at which a gas like CO2 is produced

Consider the reaction between calcium carbonate and hydrochloric acid:

CaCO3(s) + 2HCl(aq) → CaCl2(aq) + CO2(g) + H2O(l) 
The rate of this reaction can be measured in various ways, two of which will be considered for this experiment: measurement of the rate at which CO2 is produced and measurement of the rate at which the mass decreases.






 
1. measurement of the rate at which CO2 is produced (variables: CO2 and time)
                              Delivery tube
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The apparatus is set up as shown in Figure above with HCl in the flask. 
The bung in the conical flask (Erlenmeyer flask) is removed, the calcium carbonate added, the bung quickly replaced and the timer started. The volume on the measuring cylinder every ten seconds is recorded in a table. The graph of volume of gas collected against time is plotted. 

Sample results

	Time/ s
	0
	10
	20
	30
	40
	50
	60
	70
	80
	90
	100
	110

	Volume of CO2/cm3
	0.0
	19.0
	33.0
	44.0
	50.0
	54.0
	56.0
	58.0
	59.0
	60.0
	60.0
	60.0
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The reaction appears to finish at 90 s because no more gas is produced after that.


The average rate of reaction during the first 90 s can then be worked out as:
Average rate = change in volume time =   = 0.67 cm3 s−1

The rate at any particular time is given by the slope (gradient) of the graph at that time. This can be worked out by drawing a tangent to the curve at that point.
  [image: ]	
Gradient = 
         = 2.1 cm3 s−1

Therefore, the initial rate of reaction is 2.1 cm3 s−1, which means that, initially, the gas is being produced at a rate of 2.1 cm3 per second.
The rate is fastest at the beginning and gets slower. At 90 s, the reaction has stopped and the gradient of the graph is zero.

The actual concentration of acid at any time could be worked out using a moles calculation, assuming that the initial volume and concentration of the acid are known. These data could, then be used to plot a graph of concentration of hydrochloric acid against time.

Possible limitations with this experiment:
· Some gas is likely to escape before the bung is put on the flask resulting in all values for the volume of carbon dioxide being lower than expected.
· Variations in the sizes of the calcium carbonate pieces.
· CO2 slightly soluble in water.
The same experimental set-up can be used for investigating the rate of reaction between magnesium and hydrochloric acid. This reaction is strongly exothermic and the reaction mixture becomes hotter during the experiment. This will cause the rate to be higher than expected.

2. Measurement of the rate at which the mass decreases
The rate of this reaction can also be determined by measuring the speed at which the mass decreases. The mass decreases as carbon dioxide is given off. The data for this experiment is collected and the resulting graph as shown.
 
	Time/ s
	0
	10
	20
	30
	40
	50
	60
	70
	80
	90
	100
	110

	Mass of flask/g
	196.27
	196.24
	196.21
	196.19
	196.18
	196.17
	196.16
	196.16
	196.16
	196.16
	196.16
	196.16



[image: ]   [image: ]
                                                                                                                      Graph of mass of flask versus time 
Mass of CO2 can also be worked out and graph plotted (196.27 minus mass at any time)
[image: ]
                                              Graph of mass of CO2 versus time 
The average rate of reaction and initial rate of reaction can be worked out from either graph, using the same techniques as above.
             average rate = =  = 1.22 × 10−3gs−1

The initial rate is given by drawing a tangent at the initial point and in this case the initial rate is 4.0 × 10−3gs−1.
The mass of carbon dioxide produced can be related to the concentrations of the hydrochloric acid or calcium chloride in the flask at any time and a graph of concentration against time could be plotted.
3. Change in transmission of light: colorimetry/spectrophotometry
This technique can be used if one of the reactants or products is coloured and so gives characteristic absorption in the visible region (wavelengths about 320–800 nm). Sometimes an indicator can be added to generate a coloured compound that can then be followed in the reaction. A colorimeter or spectrophotometer works by passing light of a selected wavelength through the solution being studied and measures the intensity of the light transmitted by the reaction components. As the concentration of the coloured compound increases, it absorbs proportionally more light, so less is transmitted.


For example:

The iodination of propanone in the presence of an acid catalyst can be followed conveniently using a colorimeter (Figure 6.10) to monitor the changes in colour that occur as iodine is used up. 
CH3COCH3(aq) + I2(aq)  →  CH3COCH2I(aq) + H+(aq) + I−(aq) 
propanone                                 iodopropanone 
      colorless           brown                            colorless 
The iodine is brown and all the other species are colourless. The reaction mixture fades from brown to colourless as iodine is used up in the reaction and the decrease in the absorption of light can be measured using the colorimeter. 
                             [image: ]
A colorimeter can be used to measure the amount of light absorbed at a particular wavelength – the darker the colour of the sample, the more light is absorbed.

                [image: ]
a The absorbance falls with time as iodine is used up. b A calibration curve is used to convert the absorbance of iodine to a concentration. It can be constructed by measuring the absorbance of several solutions of known iodine concentration.
example 2
The reaction between the dye crystal violet and sodium hydroxide solution can be written in an abbreviated form as follows:
                               CV+ + OH- → CVOH
The initial crystal violet solution (CV+) is coloured but this slowly changes to a colourless solution as the product (CVOH) is formed. So we can determine the rate of product formation by measuring the decrease in absorbance that occurs as the coloured reactant is depleted.

4. Change in concentration measured using titration (titrating a sample solution and quenching)
In some reactions it may be possible to measure the concentration of one of the reactants or products by titrating it against a known ‘standard’.
However, because this technique involves chemically changing the reaction mixture, it cannot be done continuously as the reaction proceeds. Instead, samples must be withdrawn from the reaction mixture at regular time intervals and then analysed by titration.
A problem here is that the process of titration takes time, during which the reaction mixture in the sample will continue to react. To overcome this, a technique known as quenching can be used, where a substance is introduced which effectively stops the reaction in the sample at the moment it is withdrawn.
For example, the reaction between H2O2 and acidified KI yields I2, which can be titrated against sodium thiosulfate, Na2S2O3 to determine its concentration. Sodium carbonate, Na2CO3, is used to quench the reaction by neutralising the added acid.
       H2O2(aq) + 2H+(aq) + 2I–(aq) → I2(aq) + 2H2O(l)

5 Change in concentration measured using conductivity

The total electrical conductivity of a solution depends on the total concentration of its ions and on their charges. If this changes when reactants are converted to products, it can provide a convenient method to follow the progress of the reaction. Conductivity can be measured directly using a conductivity meter which involves immersing inert electrodes in the solution.

For example, in the reaction:
BrO3–(aq) + 5Br–(aq) + 6H+(aq) → 3Br2(aq) + 3H2O(l) 
The sharp decrease in the concentration of ions (12 on the reactants side and 0 on the products side) will give a corresponding decrease in the electrical conductivity of the solution as the reaction proceeds.

6 Non-continuous methods of detecting change during a reaction: ‘clock reactions’

Sometimes it is difficult to record the continuous change in the rate of a reaction. In these cases, it may be more convenient to measure the time it takes for a reaction to reach a certain chosen fixed point – that is, something observable which can be used as an arbitrary ‘end point’ by which to stop the clock.

The time taken to reach this point for the same reaction under different conditions can then be compared and used as a means of judging the different rates of the reaction.
The limitation of this method is that the data obtained give only an average rate over the time interval. 

For example, the following can be measured:
• the time taken for a certain size piece of magnesium ribbon to react completely with dilute acid, until it is no longer visible
                                     Mg(s) + 2HCl (aq) → MgCl2(aq) + H2(g)

• the time taken for a solution of sodium thiosulfate with dilute acid to become opaque by the precipitation of sulfur, so that a cross viewed through the solution is no longer visible
                                       Na2S2O3(aq) + 2HCl(aq) → 2NaCl(aq) + SO2(aq) + H2O(l) + S(s)


Rate of reaction is defined as the rate of change in concentration per unit time.
Units for rate of reaction are therefore moldm−3s−1, moldm−3 min−1, etc. The average rate over a period of time can be worked out as:



product concentration, [P]
reactant concentration, [R]

                    Time/s                            time/s
As the reaction proceeds, reactants are converted into products, and so the concentration of reactants decreases as the concentration of products increases.
[image: ]
In order to compare the rates of reactions under different conditions it is common to compare the initial rate of each reaction by taking the tangent to the curve at t = 0.

Review questions 
1.	The graph below shows the volume of carbon dioxide gas produced against time when excess calcium carbonate is added to x cm3 of 2.0 mol dm–3 hydrochloric acid.
[image: ]
(i)	Write a balanced equation for the reaction.
…………………………………………………………………………………………..
…………………………………………………………………………………………..
(1) 
(ii)	State and explain the change in the rate of reaction with time. Outline how you would determine the rate of the reaction at a particular time.
…………………………………………………………………………………………..
…………………………………………………………………………………………..
…………………………………………………………………………………………..
…………………………………………………………………………………………..
…………………………………………………………………………………………..
…………………………………………………………………………………………..
…………………………………………………………………………………………..
…………………………………………………………………………………………..
(4)
(iii)	Sketch the above graph on an answer sheet. On the same graph, draw the curves you would expect if:
I.	the same volume (x cm3) of 1.0 mol dm–3 HCl is used.
II.	double the volume (2x cm3) of 1.0 mol dm–3 HCl is used.
Label the curves and explain your answer in each case.
…………………………………………………………………………………………..
…………………………………………………………………………………………..
…………………………………………………………………………………………..
…………………………………………………………………………………………..
…………………………………………………………………………………………..
…………………………………………………………………………………………..
…………………………………………………………………………………………..
…………………………………………………………………………………………..
…………………………………………………………………………………………..
…………………………………………………………………………………………..
…………………………………………………………………………………………..
…………………………………………………………………………………………..
(5)
(Total 10 marks)
2.	When excess lumps of magnesium carbonate are added to dilute hydrochloric acid the following reaction takes place.
MgCO3(s) + 2HCl(aq) → MgCl2(aq) + CO2(g) + H2O(l)

(a)	Outline two ways in which the rate of this reaction could be studied. In each case sketch a graph to show how the value of the chosen variable would change with time.
	……………………………………………………………………………………………
	……………………………………………………………………………………………
	……………………………………………………………………………………………
	……………………………………………………………………………………………
	……………………………………………………………………………………………
	……………………………………………………………………………………………
	……………………………………………………………………………………………
	……………………………………………………………………………………………
	……………………………………………………………………………………………
 (4) 
(b)	State and explain three ways in which the rate of this reaction could be increased.
	……………………………………………………………………………………………
	……………………………………………………………………………………………
	……………………………………………………………………………………………
	……………………………………………………………………………………………
	……………………………………………………………………………………………
	……………………………………………………………………………………………
	……………………………………………………………………………………………
	……………………………………………………………………………………………
	……………………………………………………………………………………………
	……………………………………………………………………………………………
	……………………………………………………………………………………………
	……………………………………………………………………………………………
(6)
 (c)	State and explain whether the total volume of carbon dioxide gas produced would increase, decrease or stay the same if
(i)	more lumps of magnesium carbonate were used.
	……………………………………………………………………………………
	……………………………………………………………………………………
	……………………………………………………………………………………
(2)
(ii)	the experiments were carried out at a higher temperature.
	……………………………………………………………………………………
	……………………………………………………………………………………
	……………………………………………………………………………………
(2)
(Total 14 marks)

3.	Excess 0.100 mol dm–3 nitric acid is added to a certain mass of powdered calcium carbonate at 20C. The rate of reaction is monitored by measuring the change in mass over time due to the loss of carbon dioxide.
[image: ]
(a)	Define the term rate of reaction.
....................................................................................................................................
....................................................................................................................................
(1)
(b)	Explain why the mass loss remains constant after a certain time.
....................................................................................................................................
....................................................................................................................................
(1) 
(c)	Draw a line on the graph above, to show what the graph would look like if the same mass of calcium carbonate in larger pieces were reacted with excess 0.100 mol dm–3 nitric acid.
(1)
(d)	Explain in terms of the collision theory what would happen to the rate if the reaction was conducted at 50C.
....................................................................................................................................
....................................................................................................................................
....................................................................................................................................
....................................................................................................................................
....................................................................................................................................
 (3)
(e)	Determine the rate of formation of carbon dioxide when the nitric acid reacts at a rate of 2.00×10–3 mol cm–3 s–1.
....................................................................................................................................
....................................................................................................................................
(1)
Answers 
1.	(i)	CaCO3(s) + 2H+(aq) → Ca2+(aq) + H2O(l) + CO2(g)	1
States not required, accept molecular equation.
(ii)	rate decreases with time;
as concentration decreases so fewer (successful) collisions;
draw tangent to the curve at time t;
rate = slope or gradient;	4 
(iii)	
	[image: ]
[bookmark: OLE_LINK1]I.	(less CO2 because) amount of HCl is limiting and half the
orginal/OWTTE;
II.	(same amount of CO2 because) amount of HCl is the same;
curve less steep because less frequent (accept fewer) collisions	5
Awarded last mark if in either I or II.
[10]
2.	(a)	measure volume of carbon dioxide/CO2/gas produced/measure pH;	4
[image: ]
starts at origin and levels off
	measure mass of chemicals/apparatus;
[image: ]
starts high and decreases
Graph should show increase as reaction progresses 
(as HCl is consumed).
 (b)	Method 1
use powdered MgCO3/OWTTE; 
particles collide more frequently/increased surface area/OWTTE;
	Method 2
increase (reaction) temperature/heat/warm;
more of the collisions are successful/more particles with E > Ea/OWTTE; 
	Method 3
increase acid concentration;
more frequent (reactant) collisions;
	Method 4
add catalyst;
lowers activation energy/Ea/OWTTE;	6 max
Award [2] each for any three methods
(c)	(i)	stays the same;
MgCO3 was already in excess; 	2
(ii)	stays the same;
same quantities of reactants used;	2
[14]
 
3.	(a)	change of concentration/mass/amount/volume/of a reactant/product with time;	1
Do not accept “substance”.
 
(b)	all the CaCO3(s) has been consumed/no further CO2(g) is produced/reaction
is complete;	1
Do not accept reaction has stopped or all reactants used up.
(c)	line on graph should be initially less steep/a smaller gradient and should
plateau at the same mass loss;	1
[image: ]
(d)	there are more particles with KE greater than or equal to Ea;
	collisions more frequent/more collisions per unit time/more
successful/forceful collisions per unit time;
the rate increases;	3
(e)	1.00×103 (mol cm3 s1)	1
Ignore units even if wrong.
Apply 1(sf).
[7]
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Using A to represent ‘change in’, [R] for concentration of reactant, and [P] for
concentration of product, we can express this as

. Ap] AR]
rate ofreactlon === 0or —_ _
At At

The negative sign in the reactant expression indicates that reaction concentration is
decreasing, but, by convention, rate is expressed as a positive value.

As rate = change in concentration per time, its units are mol dm s,
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