5.9 Candidate Individual Investigation Report 0410

Kinetics of the reaction between bromide and bromate(v) ions
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Investigation into how the concentration of the reactants affect
the rate of reaction between bromide. bromate(V) and hydrogen
1018,

Planning

Aims

The chemical equation for the reaction I am going to investigate is given below:
MW + BOy + (B —= 3B + IO

I aim to vary the concentration of potassium bromide, bromate(V) and hydrogen ions.
From my results I intend to work out reaction rate and prove that the rate equation is:
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This will allow me to determine the rate constant and the order of the reaction. I will
also investigate the effect temperature has on reaction rate. I should be able to use my
results and the Arrhenius equation to calculate activation enthalpy.

Backeround Knowledge

The “rate of reaction” is the speed at which reactants are converted to products. It is not
possible to measure reaction rate directly, we have to measure the change in amount of
a reactant/product in a certain time.

rate = change in property
time taken

There are several factors that effect reaction rate, they are:
* concentration

* temperature

* surface area

* the presence of a catalyst

CONCENTRATION:

To understand the effects of concentration the collision theory must be referred to. This
“assumes that the rate of any step in a reaction depends on the frequency of collisions
between the particles involved.” (5) Simply the collision theory states that for a reaction
to occur the 2 reactant molecules must collide. Increasing the concentration increases
the number of reactant molecules in the same volume of solution therefore they collide
more often, mcreasing the rate of reaction. The diagrams below show this affect.
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TEMPERATURE:

As the temperature is increased the average speed of the particles increases because
they have more energy. This increase in speed means they collide more frequently
resulting in an inerease in the reaction rate. Temperature, however, has a large
mfluence on reaction rate as just a 10°C rise can result in the reaction rate bemng
doubled. As the kinetic energy of a particle is proportional to its absolute temperature
we can predict the relative increase in the number of collisions when the temperature is
raised by 10K. In this case from 300 to 310K.
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T is the absolute temperature. We can rearrange this equation for a particle of constant
mass. V, is the velocity at temperature T, and V,_is the velocity at temperature L.
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This shows that the speed of the particles at 300K is only 1.016 times greater, there has
only been an increase of 1.6%. But we already know thatthe reaction actually proceeds
about 100% faster. This is because every collision does not result in a reaction. “A
reaction will only oceur if the colliding particles posscss more than a certain minimum
amount of energy, known as the activation energy.” (3) Increasing temperature raises
the amount of molecules that collide with this amount of energy. The distribution of
kinetic energies below is known as the maxwell-boltzmann distribution. From this
diagram it is apparent why temperature has such an important effect.
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The shaded area represents those collisions with the required activation energy. The
transition state theory shows what actually happens during a collision. It explains why
such a small fraction of collisions result in a reaction. “When 2 molecules approach
each other, the electron clouds experience a gradual increase in their mutual
repulsions.” (4) The kinetic energy is converted to potential energy and the molecules
slow down, so molecules that weren’t moving fast enough don’t react at all. When
temperature is increased the molecules have enough energy to overcome these forces
and a reaction oceurs.

SURFACE AREA:

When using solids a larger surface area means the reaction rate will be increased due to
a larger number of reaction sites. Therefore a powdered solid would react more quickly
than one in larger pieces. But this is not important to my experiment as I am using
solutions.

THE PRESENCE OF A CATALYST:

“A catalyst is a substance that increases the rate of reaction without being used up
itself (1) It works by lowering the activation energy in one of several ways, by:

= Tncreasing the frequency of collisions between reactants.

«  Changing the relative orientation of the reactant molecules

= Donating electron density to the reactants.

* Reducing the intramolecular bonding between the reactant molecules,

* Providing and alternate pathway or mechanism for the reaction.

Catalysts are used in many industrial processes.

The concentration of potassium bromide solution will be vanied first. I will then have a
table of results with concentration against time. I need to calculate reaction rate but I
cannot measure the amount of products produced directly. To get around this problem
methyl orange has been added to the mixture. The reaction will therefore be studied as
a clock reaction. The first bromine formed will be destroyed by reaction with phenol,
which is also deliberately added to the mixture to allow us to study the reaction.
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When all the phenol has been used up the next bit of bromine formed will reacl and
bleach the methyl orange indicator. In each trial the same amount of phenol will be
added therefore it will be a fair test. The time it takes to go colourless is a measure of
how fast the reaction is taking place. The amount of bromine needed to decolourise the
mixture is the same for each trial, so the rate of reaction is proportional to the reciprocal
of the reaction time.

Using this equation I can work out reaction rate and produce a graph plotting
concentration against rate of reaction. This graph will allow me to determine the order
of reaction. (see model graph below)
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If the graph shows a horizontal line the reaction is zero order with respect to that
reactant. When a reaction is zero order:
rate = k[X]°
But as X° always equals 1,
reaction rate = k
So for zero order reactions the rate is independent of the coneentration of X. It has no
effect on reaction rate. If the graph is a diagonal line the reaction is first order and if it
is a curve then its second order.
Onee the order of the reaction is known with respeet to cach of the reactants involved a
rate equation can be produced. For a general reaction in which A and B are the
reactants the rate equation is:

.y ™
core. = WIAY LR)
“m and n represent the order of the reaction. Ifm was 2 we would say the reaclion 1s

second order with respect to A.” (1) The overall order is given by (m + n). I intend to
prove through my experiments that the rate equation for this reaction is:
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Rate equations can only be determined experimentally; they cannot be predicted from
the sloichiometric equation. k in the rale equation is known as (be rate constant. It is
not affected by a change in concentration but a change in temperature will alter k.
Maxwell and Boltzmann derived equations for the distribution of kinetic energies using
the probability theory and the kinetic theory of gases. They calculated ¢hat the fraction
of molecules with energy greater than the activation energy, Ea, i-given-by:
Where,
R is the gas constant (8.3 } ' m~at™")
and T is the absolute temperature.

. 1 o ; -in IRT
At a given temperature rate of reaction 1s proportional to e
Since the rate constant k is a measure of reaction rate we can write:
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The last equation is known as the Arrhenius equation. “A is the Arrhenius constant and
can be regarded as a collision frequency and orientation factor in the reaction rate.” (3)

Taking the log (base €) form of the equation,

Ink = InA -Ea
RT

Rearranging in the formy =mx +c¢

Ink =-Eax1+IhA

R T

A value for rate can now be substituted for In k. So a graph of In k against 1/T should
be a straight line with gradient -Fa/R. From this gradient activation energy can be
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In some reactions changing the concentration of a particular reactant has no effect on
the rate. When this is the case it means there are two steps involved in the reaction, this
1s known as the mechanism of the reaction. “The mechanism of a reaction 1s a proposal
about the series of steps involved 1 going from reactant to products.” (6) Itis a
suggestion based on scientific evidence. Where there are two or more steps it is the
slowest step that deterrmnes the overall rate. Thas 1s called the rate determuning step. |
will suggest a mechanism for the reaction based on the rate equation.

Apparatus
For this experiment [ will need:
* 5 burettes
*  0.005M potassium bromate(V) solution pek s E4
*  IM sulphunc acid solution : <) IL,; c:',..u & st
=  (.0001M phenol solution WSS -
* methyl orange indicator = wfﬂ
* 0.0IM potassium bromide / i
+ dhstilled water \"ﬂr\u\ 3
* 2 beakers buseiies
* white tile 5‘“’*""’ \
= magnetic stirrer \ :
* stopwatch :
ﬁmsslum
s Y |
solbodnors > T : £ |
| i !
beokess , 5 | !
fer er_;."\::,j\\L‘ ! | ‘
| |
: |
i
|

Method for investipating the effect of changing coneentration

The first expennment was to vary the concentration of potassium bromude solution. I am
changing the concentration because due to the kinetic theory it should have an effect on
reaction rate.

1. Take 5 burettes, which should be washed out with water. They are then washed out
with the solution going into them and filled with one of the solutions hsted above.
All the burettes are labelled to avoid any confusion with the solutions. When filling
a burette 1t should always be held below head height to allow it to be controlled
better and to avoid spillage. :

2. 10em® of potassium bromate(V) solution, 15em?® of sulphuric acid solution and
10em? of phenol solution are added to a beaker. Always read the burette at eye
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level. 5 drops of methyl orange indicator is also added to the beaker. The same
bottle should be used in each tnal.

3. 10cm? of potassium bromide solution of the required concentration is added to
another beaker. For most trials the potassium bromide will need mixing with
distilled water to lower the concentration.

4. The potassium bromide solution is poured into the first beaker and the stopwatch 1s
started. The complete mixture is stirred and the time taken for it to go completely
colourless 1s recorded.

5. The beakers are then washed out and the experiment is repeated with varying
concentrations of potassium bromide. But the volume of potassium bromide
solution is always made up to 10em? with distilled water to make it a fair test. Each
concentration is repeated 3 times. All other factors such as temperature should be
kept constant and the same apparatus should be used each time. Any anomalous
results should be investigated.

Precision and Reliability

Burettes have been used rather than measuring cylinders for measuring the volumes of
solutions as they are specifically designed to be more accurate. The percentage error
associated with a 50cm? burette of grade B is +0.1cm?®. This is far more accurate than
the value for a 25c¢m?® measuring cylinder, which is £0.5cm?®. When using a burette the
measurement should be read from the bottom of the meniscus. It should also be read at
eye level to avoid a par lax error.

Each measurement in my actual experiment will be carried out 3 times to confirm my
result. Repetitions increase reliability by showing that a result within experimental
error can be achieved more than once. An average will then be taken from the 3
repetitions. This average time can be used to work out reaction rate. Volumes of either
10 or 15cm?® have been used to keep the percentage errors to a minimum whilst still
having volumes that are manageable.

Percentage error = erTor x 100
measurement
o for measuring 10cm?® from & burette the error woul Id be

Y% error=0 -1 x 100
10.0

= %0

If volumes are too small then the percentage errors become too large. [ have taken into
account precision and reliability in my planning which should give me a reliable set of
results. This same method should be followed when the concentrations of sulphuric
acid solution and potassium bromate(V) solution are varied. But then the potassium
bromide solution should be kept at a constant concentration as only one variable can be
altered at once.
There are also sources of error associated with procedures, temperature can be a

- problem in all kinetic investigations as there is no guarantee that the room temperature
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will be the same in the laboratory from one day to the next. It is not possible to find a
value for errors associated with procedures but I can discuss in my conclusion how big
effect [ think this had.

A preliminary experiment was carried out, 8 different concentrations were used to
allow the full range of results to be seen. This table shows my resuits:
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(-3 deid) 100071 [:0-0017 FOOO\R [-0-0on [= 0.00088 [-00o04 |+ o cooy JFO-0ootL
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If time allowed I would use all of these concentrations in my actual experiment to give
me a Iarger range of results. But time was limited so I chose not to use the two lowest
concentrations as they took a long time to decolourise. In this experiment I shook the
complete mixture by hand but I was not sure if this was giving me accurate results. I
therefore decided to carry out 3 trial experiments using different methods. In the first
experiment the magnetic stirrer was used, in the second the mixture was shook by hand
and in the third the mixture was not interfered with. The potassium bromide solution
was simply poured in and left to react. In all trials the above method was followed and
the time taken for the solution to go colourless was recorded. The results are shown

below:
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These results have been plotted on a graph. (see graph 1) The graph shows a reliable
trend for the results obtained from shaking the mixture by hand and using the magnetic
stirrer. It was, however, difficult to determine exactly when the mixture had become
clear. Especially for the lower concentrations. To overcome this problem the mixture
could be placed on top of a white tile, so that any colour would be obvious against the
white background. I therefore decided that shaking the mixture by hand would be the
best option, From graph 1 it is apparent that 6 points is enough to identify the trend
even if one of these points is inaccurate. The concentrations I have chosen are
appropriate, as the reaction is not too fast or too slow, so it will be easy to observe the
change. 1 therefore think my choice of concentrations is justified.
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Once [ have determined the effect of the 3 different concentrations the effect of
temperature can be investigated. From my background knowledge I also know that this
has an effect on reaction rate, and I expect the effect to be greater than that of varying
the concentration. For this extra equipment will be needed, including:

* bunsen bumer

* tnpod
* gauze bR Lo livig Tolses
+ large beaker i 1 =it E
* boiling tubes e ,
* jce cubes lﬁ"fjn—hﬁ'-ﬂ-"‘-::\ LE AT Ci
*  thermometer i“ir AT~ —themrore s
b ,;
Lo s f ;P
e 'I !

Method for investigating th t of t ature

1. The apparatus should be set up as before with the extra equipment histed above.
Wash out the apparatus as before and follow all the measures listed to ensure
accuracy.

2. 10em?® of potassium bromate('V) solution, 15cm® of sulphuric acid solution and
10em* of phenol solution should be mixed in a boiling tube and 5 drops of methyl
orange indicator should be added. Always from the same bottle.

3. 10em? of potassium bromide should be added to another boihng tube.

4. The large beaker should be filled with water and placed on the tripod as shown in
the diagram. The water should be heated or cooled to the required temperature and
the boiling tubes should be placed in the beaker so they are also heated to thus
lemperaturg

5. The solutions are then mixed and the stopwatch is started. The time taken for the
mixture to go colourless is recorded. A white tile can be held behind the beaker to
allow the colour change to be observed more easily. The thermometer should also
be placed in the large beaker and should be checked often to ensure the solutions
are at the right temperature.

Modifications

When | used the method above to obtain some results I found there were several
problems and some modifications are needed. Firstly the volumes of solutions
suggested were too large. When the solutions were mixed the volume was too great to
fit in the boiling tube. T have therefore decided to half all volumes to Sem?® of potassium
bromate(V) solution, 7.5¢m® of sulphuric acid solution and 5em® of phenol solution.
Only 3 drops of methyl orange indicator will now be added to the boiling tube. The
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volume of potassium bromide solution added to the second boiling tube will also be
reduced to Scm?®. This reduction in volumes will increase the percentage error of my
results but it is necessary as the original volumes were unmanageable. All
concentrations will remain unchanged. There was another problem in the method when
it came to measuring the temperature of the solutions and keeping them at a constant
temperature. By just taking the temperature of the water I had no guarantee that the
solutions in the boiling tubes were at the correct temperature. I therefore took another
thermometer and put one in each boiling tube to monitor the temperature of the actual
reactants. When they had both stabilised at the right temperature [ removed the
thermometer and poured the potassium bromuide solution into the first boihing tube. I
then put the thermometer back into the mixture to ensure that the temperature did not

change.

I found that the mixture went very fast above 40°C so thought about lowering the
concentration to slow down the rate of reaction. When I experimented with lower
temperatures, however I found that I could not lower the concentration as the reaction
was already very slow and this would have made the reaction time too long. I therefore
decided not to increase the temperature above 40°C and to use the temperatures listed

below:

10°C

15°C

20°C

25°C

30°C

35°C and 40°C.

Thus range of temperatures also made it easier to keep the temperature of the solutions
stable as they are not too much below or above the room temperature.

Thas table hinks the chemical ideas used to the units and modules on the course.
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Risk Assessment

There are always nisks involved when using chemicals. In general eye protection
should be wom at all times, even while setting up and clearing away. Also any spillage
should be cleared immediately.

Sulphuric acid - solutions stronger than 1.5M should be labelled corrosive, sclutions
stronger than 0.5M but weaker than 1.5M should be labelled irritant. Eye protection
should be wom and the skin should be washed immediately if it comes into contact
with it.

Phenol - toxic if swallowed and when in contact with the skin. Solutions stronger than
0.1M should be labelled harmful. But my soluticn is weaker than this.

Potassium bromate - oxidising and toxic if swallowed.

Potassium bromide - has minimal hazards but would be harmful if ingested.

References

(1) ‘Chemical Ideas’ - Burton, Holman, Pilling and Waddington
(2) ‘Chemistry in Action’ - Michael Freemantle

(3) ‘Chemustry mn Context’ - Graham Hill and John Holman

(4) ‘A-level Chemistry’ - E.N.Ramsden

(5) www.wantwit.com/chem/kinetics

(6) www.avogadro.co.uk/kinetics
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[mplementing and Analysing

First a preliminary experiment was carried out and the results were recorded in my
planning, This preliminary experiment allowed me to determine the most appropriate
method in order to get the most accurate results. The method was as reliable as
possible given the conditions and equipment and the experiment was carried out in a
systematic and methodical manner. Some modifications had to be made to improve the
method particularly when temperature was varied and safety issues were taken into
account at all umes.

In all 4 variables were altered, they were:
 concentration of potassium bromide solution.

* concentration of potassium bromate(V') solution.
» concentration of sulphuric acid solution.

+ temperature at which the reaction was carried out.

Results when the concentration of potassium bromide solution was varied

The results were recorded correct to one decimal place. This is because it was not
possible to determine exactly when the mixture had fully decolourised, it was therefore
inappropriate to use more than one decimal place. Human reaction times also have a
slight effect on the results so I feel that although the stopwatch could record to 2
decimal places if needed, one was more than satisfactory in this experiment. The
concentration of potassium bromide solution has been shown in the table in mol dm-3.
The concentration had to be worked out as the concentration within the overall mixture.
The calculation used was:
overall concentration = concentration of KBr (mol dm-3) X volume of KBr

total volume

eg 001 (moldm-3) X (10/45) = 0.00222

A table to show the time taken for the mixture to decolourise as the concentration of
potassium bromide solution 1s varied

concentration | {{—g i,.r_,m.t for el covplake average time reaction rate
e | (O BRI BRI T 0D el iy
solution {mol decolourise seconds-1
dm-3) trial 1 trial 2 trial 3 {seconds)

0.00222 349 356 34.1 3449 0.0286
0.00177 453 43.2 45.9 44.8 0.0223
0.00133 53.6 527 54.0 53.4 0.0187
0.00111 63.5 64.4 64.9 64.2 0.0156
0.000888 86.1 B4.8 83.7 84.9 0.0118
0.000666 1127 109.8 114.2 112.2 0.0089

1did 3 trials for each concentration in order to get a reliable set of results but took the

average of all 3 in order to work out reaction rate. Reaction rale 1s more appropriate to
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plot on a graph than the time taken for the solution to decolourise. This is because from
the graph of reaction rate against concentration the order of the reaction can easily be
determined. There are several improvements that could be made to graph 1 showing
my preliminary results. Firstly as concentration is being varied it is the independent
variable and should therefore be plotted on the x-axis. Also I have plotted percentage
concentration of potassium bromide instead of the actual concentration (in mol dm-3)
within the mixture. I will take into account these improvements when I plot a graph of
my actual results.

Graph 2 shows that when concentration is plotted against the time taken for the
mixture to decolourise we get a smooth curve. There is a negative correlation which
shows that as concentration decreases reaction time increases. It is not possible
however to work out information about the rate equation from graph 2. For this graph 3
must be referred to. On this graph:

rate o< [Br7]

or

rate = constant X [Br]

So the reaction is first order with respect to potassium bromide.

The graphs of rate against concentration have a line of best fit going through the origin.
I know the line would go through the point (0,0) as if the concentration was nothing
then the reaction would not occur and the reaction rate would also be nothing.
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Results when the concentration of potassium bromate(V) was varied

In my planning I stated that I wanted to vary the concentration of all 3 reactants in
order to determine the rate equation. Potassium bromate(V) solution was the next to be
altered, whilst this was being altered all other vaniables had to remain constant as only
one variable may be changed at once.

A table to show the time taken for the mixture to decolourise when the concentration of
potassium bromate(V) solution is varied

concentration |{inie 4ol f@f g (o "FM average time reaction rate
stronmtem |uuscune 1o dectoune Geeongs) | Blneraie | Gl
solution (mol decolourise seconds-1
dm-3) trial 1 trial 2 trial 3 {seconds)

0.00111 38.7 36.9 38.1 37.9 0.0264
0.000888 46.6 47.5 44,9 46.3 0.0216
0.000666 61.3 60.7 58.8 60.2 0.0166
0.000555 82,1 79.4 78.6 80.0 0.0125
0.000444 100.2 97.2 101.4 99.6 ¢.0100
0.000333 121.1 123.8 116.7 120.5 0.0083

These results have been plotted on graph 4. From this graph I can see that:

rate oc [BrOy]

or

rate = constant x [Br(y]

So if the concentration of potassium bromate(V) solution is doubled the reaction rate
will also double. This shows that the reaction is first order with respect to potassium
bromate(V) solution.
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Results when the concentration of sulphuric acid solution was varied

concentration |2 Holef\ b~ Ve GJerra NN, average time reaction rate
of sulphuric i€ Mo dacciouate. (se_co-*\ds) taken for the (1/time)

acid solution T mixture to units are
{meol dm-3) trial 1 trial 2 trial 3 decolourise seconds-1
0333 338 289 324 31.7 0.0315

0.266 (7.6) 49.9 43.2 46.5 0.0215

0.200 69.6 62.3 64.5 65.4 0.0153

0.166 90.1 93.6 93.9 92.5 0.0108

0.133 — | ———
0.100 o TR e T

When the concentration of sulphuric acid was varied the reaction took a lot longer thaty
when the concentrations of the other reactants were varied. I therefore decided not to do
below 7.5¢m? of sulphuric acid (0.166 mol dm-3). This left only 4 sets of results so
13.5 and 10.5cm? of sulphuric acid were used as well. The results are shown below.

A table to show the extra concentrations at which the reaction was camied out

volume volume concentration |(jieo Vodie~ for| Yre average reaction
of of water of sulphuric oy time taken rate
sulphuric {cm?) acid solution N o w (s for the {seconds
?cid i (moldm-3)  |decoiondnse (sekoncts) mixtlllre TZ'.-_ -1)

cms® decolour

trial 1 trial 2 trial 3 (seconds)

13.5 1.5 0.300 368 37.2 375 37.2 0.0269
10.5 4.5 0.233 44.0 54.1 52.6 503 0.0199

The point circled in my table has been left out when working out reaction rate and
plotting the graph as it 1s clearly an anomalous result. Graph 5 shows that the results
do not lie on a straight line through the origin when the concentration of sulphuric acid

is varied. It 1s evident that the points would be better if joined with &

smooth curve.

These results suggest that the reaction could be second order with respect to the
concentration of sulphuric acid. So I have plotted reaction rate against concentration
squared to see if it 1s a straight line. (see graph 6)
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A table to show the concentration of sulphuric acid squared and reaction rates

concentration of sulphuric | concentration of sulphuric | reaction rate (1/time) units
acid solution (mol dm-3) acid solution squared (mol | are seconds-1
dm-3)

0.333 0.111 0.0315

0.300 0.090 0.0269

0.266 0.711 0.0215

0.233 0.0544 0.0199

0.200 0.0400 0.0153

0.166 0.0277 0.0108

When the concentration squared was plotted against reaction rate the results were not

exactly on a straight line. My evidence 1s therefore not conclusive and I cannot tell from
graphs 5 and 6 whether the reaction 1s first or second order with respect to the

concentration of sulphuric acid. I have therefore plotted a graph of log rate against log

concentration and the gradient should give me the order of reaction.

A table to show my calculated values for log to the base e of concentration and log to

the base e of reaction rate

concentration of log to the base e of rate of reaction log to the base e of
sulphuric acid the concentration of (seconds-1) rate of reaction
solution within the sulphuric acid
mixture {mol dm-3) solution
0.333 -1.0996 0.0315 -3.4578
0.300 -1.2039 0.0269 -3.6156
0.266 -1.3243 0.0215 -3.8397
0.233 -1.4567 0.0199 -3.9170
0.200 -1.6094 0.0153 -4.1799
[ 0.166 -1.795¢2 i 0.0108 -4,5282

Graph 7 shows the results immediately above. I have drawn a triangle to the line of
best fit in order to work out gradient.

gradient =y, - y,

XL— x"

=-36--42
-1.2--16

From this I have calculated that the order of reaction with respect to the concentration

=

0.

=

=1.5

of sulphuric acid is 1.5, however [ know from my research and background knowledge
that this value should be 2.
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I have now proved the rate equation experimentally. k in the equation, the rate
constant is a constant for a given reaction at a particular temperature. Using my
values for the concentrations of the reactants at a certain temperature I should be able
to calculate k.

[Br'] =0.01mol dm™
[BrO;] =0.005 mol dm->
1> =o0.1%

— 00 s A

At 20 C I calculated the reaction rate to be 0.0231 seconds. Using these values I can
substitute them into the rate equation and re-arrange to make k the subject.

reaction rate = k[Br ") [qu—][H']a'

k = reaction rate

[Br][BrO; [[H]*
k= 0.0231

(0.01)(0.005)(0.01)
k =0.0231

5x10°7
k = 46200

The units of k vary depending on the particular reaction in this case they are:

k= (&) seconds
(mol dm3)(mol dnr3)(mol dnr3)*

k = 46200 s 'mol dnt

A change in temperature alters the value of k.
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Results when the temperzature at which the reaction occurred was varied

temperature L ol Fz}r‘ Mag) CQ-M{)'\.Q_,Le_ average time reaction rate
at which the : I taken for the {1/time)
reaction was |0 o decolowtse mixture to units are
carried out (seconcts) decolourise seconds-1
{0 trial 1 trial 2 trial 3 {seconds)

8 128.9 1254 | e 127.1 0.00787
10 1033 45.> 110.9 107.1 0.00934

12 82.6 82.6 0.0121

15 62.3 66.7 65.9 64.9 0.0154

20 43.4 42.4 44.2 43.3 0.0231

25 284 29.5 29.2 29.0 0.0345

30 23.6 19.4 (0.1) 215 0.0465

35 D) 9.6 10.7 10.1 0.0990

40 6.5 5.8 6.1 0.164

In my planning I decided to also vary the temperature at which the experiment was
carried out as I know from my background knowledge that a rise in temperature should
causethe reaction to proceed more quickly. First I have plotted all of the results against
temperature 1n order to identify any anomalous results. There were several
measurements that did not fit into the recognised pattern. These results have been
circled in the above table. All the results were converted into seconds in order to work
out the average time taken for the mixture to decolourise and that reaction rate. I have
re-mnvestigated these anomalous results and ignored them when working out averages.
I carried out 2 more trials at each of the temperatures with a result that did not fit the
pattern to ensure I had 3 results within experimental error of each other. The results for
these re-runs are shown below.

A table to show my results when the reaction was repeated at certain temperatures

temperature at which the time taken for the mixture | time taken for the mixture
expeniment was carried 1o decolourise (seconds) to decolourse (seconds)
out (°C) trial 1 trial 2

10 106.4 G2

30 22.6 21.0

35 11.7 9.9

40 4.9 6.1

1t 1s evident from these extra trials that the results circled are not accurate due to
various reasons such as the solutions becoming contaminated for example. The reasons
for these anomalous results will be discussed in detail in my evaluation.
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Now I have a set of results for when temperature was varied I can use my results and
the Arrhenius equation to calculate activation enthalpy.

At a given temperature rate of reaction is proportional to € ik

where,

R is the universal gas constant 8.3jk ' moles™

fa is activation energy

T is absolute temperature (helium)

as the rate of reaction can be represented by k.

k oc e‘Eu./fT
or
k=Ae-E.a./ﬂi"

This last equation is known as the Arrhenius equation and A is the Arrhenius
constant. This can be regarded as a collision frequency and orientation factor in the
reaction rate.

Taking the log (base €) form of the equation. log to the base e is known as the natural
log and is denoted by In.

Ink = InA- €a
RT
Rearranging in th foomy=mx + ¢

Ink = + InA

fax 1
g

1 can now substitute my value for reaction rate (1/time) for In k. A graph of Ink
against 1/T should be a straight line with gradient - £a
R

This gradient can be measured and from this activation energy can be calculated.

This table shows the values for log to the base e of reaction rate and 1/absolute
temperature

temp. at which |absolute 1/absolute log to base e
the reaction temperature  jtemperature [Rate of of rate of
occurred (°C) Jequivalent (k) (k™) reaction (s™'Yreaction
10 283 0.00353 0.00934 -4.673
15 288 0.00347 0.0154 -4.173
20 293 0.00341 0.0231 -3.768
25 298 0.00336 0.0345 -3.367
30 303 0.0033 0.0465 -3.068
35 308 0.00325 0.099 -2.313
40 313 0.00319 0.164 -1.808
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These results have been plotted on graph 9. From this graph I can see that there is a
strong negative correlation. The line of best fit therefore has a negative gradient. A
triangle has been drawn to this line in order to calculate the gradient.

gradient = va-y,
x_z = X,

=4 195
0.00345 - 0.0032

= -2.05
0.00025

= - 8200
gradient = - £& = -8200
R
R=83Jk 'moles '
- lo = gradient x R
=-8200x 8.3
= - 68060
= 68060 J moles_'
to convert to kJ molesﬂr

68060 = 68.06 kJ moles
1000
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Conclusions

All my results have now been tabulated. Appropriate graphs have been drawn and my
results have been processed to work out information such as the rate equation, rate
constant and the activation enthalpy.

Four different sets of results were obtained in all. The first 3 of these involved varying
the concentration. In general I found that at lower concentrations the reaction took
longer to complete as the mixture was slower to decolourise. This can be explained by
referring to the collision theory. As I explained in my planning when the concentration
is lower there are less reactant molecules they are therefore less likely to collide. If the
molecules do not collide as often then they will react less often and the reaction will
proceed more slowly. On graph 2 the concentration of potassium bromide has been
plotted against the reaction time and it is clear that there is a negative correlation, as
concentration decreases reaction time increases.

The reaction rate can be worked out by doing the caleulation 1/reaction time. The
reaction rate was calculated for all sets of results and graphs of concentration against
reaction rate were plotted. From these graphs it is possible to determine the order of the
reaction. [ know through my research that my reaction should be first order with Tespect
to both potasstum bromide and potassium bromate(V) solution and second order with
respect to sulphuric acid. I proved the first order reactions through my graphs, it was
however more difficult proving that the reaction was second order with respect to the
concentration of sulphuric acid. This was because all my results suggested that the
order was 1.5 When rate was plotted against concentration T got a curve sloping
upwards. But [ also got a curve when concentration squared was plotted but it was
sloping the other way. This suggested to me that the order of reaction was between 1
and 2. To verify this I plotted log of concentration against log rate and measured the
gradient. This gradient is equal to the order of reaction and the gradient I calculated
was 1.5. [ checked this to ensure my calculations were correct but I know that this
value should be equal to 2. This inconsistency may be something to do with the
mechanism of the reaction or the fact that only ions appear in the rate equation.
Reasons for this have been discussed in more detail in my evaluation. For the rest of
the experiment [ have taken the text book value of 2 to be correct and used this when
caleulating other information. To work ont the overall order the orders with respect (o
each reactant are added 1ogether so 1t 1s fourth order overall.

From the rate equation it is possible to see how many of each ion is involved in the rate
determining step. This is done by looking at the power to which each concentration is
raised. For example the reaction is second order with respect to H+ so there are 2 H+
ions in the rate determining step. The rate determining step is the slowest step in the
mechanism. Most chemical reactions that proceed at a measurable rate are believed to
take place in a series of steps. “This series of simple reactions is known as the reaction
mechanism.” (3) The series of steps must satisfy both the rate and stoichiometric
equation. The equations for this reaction are;

SBr ¢ ROy 4 MY —— 30 . WD

Yo 'lgfur-»...t-’k.n__ bHﬁLcj Moz im FECA T, P'H.q_/\Qh;
OH

oH

= Gr .- + i

O + L - @:{ v LA
(Ve
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From this rate equation I can see that the rate determining step involves one Br™ 1on,
one BrOj; ion and 2 H+ ions. As the reaction is fourth order overall this suggests that
these ions all collide simultaneously. This is, however very unlikely. It is more likely
that the slow rate determining step is preceded by faster reactions. Based on this a
suggested mechanism is:

WY Renln, o s step ) - fosk

HY + GOy — KWBR-Oq sk T - fost

Tha 2 sudovorncl S (omanect ¥ reo b v Mha SO ke
dRIesANI TG st D,

RB- + KOOy — HBC + RGO, Sep 3 - s\ocu
The NRrO cnd HBAO, pocdawme) mm Hhae oo roda-
dorte—innng skef? ean  Hhan R st wova NG~
forrrnng browsra. cned  cook s,

HMR-O, + HG~ ZRQ-O S & - fash
R3co  + WG~ no + B SYep 5 - fenst

Mechanisms cannot be proved they are simply suggestions based on chemical
knowledge and understanding.

The temperature at which the experiment was carried out was also varied. From my
background knowledge I know that temperature has a significant effect on reaction
rate. From my results it is clear that as temperature 1s increased the reaction proceeds
faster. The effects of a small rise in temperature are important in terms of reaction rate.
A rise in temperature from just 10 to 20°C caused the average reaction time to fall from
107.1 to 43.3 seconds. A drop of 63.8 seconds. The reasons for this can also be
explained by the kinetic theorv. When the temperature 1 mereased the molecules move
faster, this means they collide more often causing an increase in reaction rate. But the
effect of temperature is not just due to this. The molecules collide more often but they
also collide with more energy. The increase in temperature means that more molecules
will collide with the activation energy required to result in a reaction.
By plotting the reciprocal of the absolute temperature against log to the base e of
reaction rate I have obtained a graph with the gradient -Ea

R
From this graph the gradient was measured and activation energy was calculated. [
expected this value to be somewhere between 40 and 100 and it worked out to be 68.06
KJ moles™. Raising the temperature means that more pairs of molecules will collide
with at least this amount of energy and the reaction will proceed faster. The Maxwell-
Boltzmann distribution illustrates this effect.
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If the temperature at which the reaction occurs falls by just 10°C from 20 to 10°C the
reaction time is more than doubled. As proved by my calculations below.

Ay \OF oiren e s (OF- 1 Alonds

B4 2050 w2actems a0y {n-LS'-!'; Secorals

L= Nty = 157
X o= E?r_;i

Wil
X oz LuHY

o Mg prantroge inoeose s LG3Y%e

The reaction time increases by 247% for just a 10°C fell in temperature so the effects
of temperature are obviously very important.

When the temperature was 20°C I used my calculated reaction rate to work out the
value of k, the rate constant. The value I got was 46200 s”'mol dm'™. This value only
applies for this reaction at this temperature as the value of k alters with temperature. A
change in concentration however will not affect the value of the rate constant. The units
of k also change according to the particular reaction and must always be calculated.

I found that I could not carry out my reaction at temperatures above 40°C. This is
because the reaction was going toc fast making the reaction time toe short. It was toe
difficult and inaccurate to measure so | chose not o use temperatures above 40°C. 1
also found that when I attempted to do the experiment at 50°C the mixture would start
to decolourise before the potassium bromide was added. The chemical equation for the
reaction 1s:

SBo i BrOss e B + WO
e worivg forreed Ve okt s p':-l-_nu.'\
B e T e

The besire krreedd teactiwith the phenol utﬁil it has all been used they then react with
and decolourisesthe methyl orange indicator. T did not know what caused the mixture to
decolounise at this high temperature as the potassium bromide solution was supposed
to be the source of brosmina . Itis possible that the apparatus or solutions could
have become contaminated or the potassium bromate(V) solution could have in some
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way decomposed to produce e Sweuine, This could then react with and decolourise
the methyl orange indicator but this, however only happened at higher temperatures.
When temperature was varied I obtained several anomalous results. These results do
not fit in with the overall trend and have been circled in both my table and on my
graph. I have ignored these results when calculating average reaction time and reaction
rate. This is because they would have altered the general trend and it would have been
difficult to identify any kind of pattern with these results included. I will attempt to
explain these and any other problems with the experiment in my evaluation.
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Evaluation

In general my experiment produced both reliable and accurate results. There were
however some anomalous results as a result of certain limitations and problems with
procedures. I will attempt to identify the major sources of error and suggest reasons for
these results 1n this evaluation.

My initial method is recorded in my planning. This method was used in my preliminary
experiment. Improvements were made to this method before the actual experiment was
carried out. For example, it was hard to determine exactly when the mixture had fully
decolourised. A white tile was therefore placed under the beaker so that any colour
would be obvious against the white background. The method was the same for
changing the concentrations of all reactants but the volumes were always made up to
the same amount with distilled water in order to make it a fair test. When temperature
was varied several alterations also had to be made.

Precision and reliability were taken into account at all times during the experiment.
This i1s why burettes were used rather than measuring cylinders. The percentage error
associated with a 50cm?® burette of grade B is +0.1cm?. This is far more accurate than a
measuring cylinder. When the volume used 1s larger the percentage error will be less.
Volumes of 10 and 15cm?® were used when concentration was varied so the percentage
errors were kept to a minimum whilst having volumes that were manageable. The
volumes used were:

10cm?® potasstum bromide solution

10cm? potassium bromate(V) solution

10cm? phenol solution

and 15c¢m® sulphuric acid solution.

percentage error = error x 100
measurement

So the errors were all 1% or less. This is a very small error and will have no significant
effect on the results. When temperature was varied these volumes could not be used as
they were unmanageable and could not be contained in the apparatus.

|
P L Tha Yool voun-o_ of
Wv‘[ 1 { ] ’ GSOAS ot not el
L_,l« L *} wnroinect v Hee
e e I e sk - Hudoe |
t—pod. \

So all volumes were halved in order to keep the ratio the same. This meant the smallest
volume measured was Sem?® so the percentage error associated with measuring this
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would be:

% error = (0.1 x 100
5.0

=2%

This is still a small error and should not be a problem in the experiment. The errors
associated with apparatus are often very small compared with those associated with
procedures. It is difficult to find a value for errors incurred through procedures but the
relative importance of them can be discussed.

There are several ways of measuring rate, in this experiment the reaction has been
studied as a clock reaction. This means the rate is measured by timing how long it
takes to produce a small fixed amount of one of the products, in this case bromune. If
the rate is high the reaction time s small as rate is the inverse of reaction time.

rate = 1
reaction time

This method is effective as in this experiment the first bromine formed is destroyed by
reaction with phenol which is deliberately added to the mixture. The next little bit of
bromine formed triggers the clock by reacting with and decolourising methyl orange
indicator. The amount of bromine required is the same in each trial so it is a fair test.
This method gives more accurate results than the progress curve method as it is simple
and a graph of rate against concentration will give the order of reaction. It does not rely
on taking a series of measurements over the course of the reaction and I do not need to
draw tangents to the curve to calculate the rate.

When the temperature at which the reaction occurred was varied some modifications
had to be made to the method. As already mentioned the volumes had to be halved.
Also I found that just measuring the temperature of the water in the beaker was not
accurate enough as this did not necessarily mean that my solutions were also at this
temperature. So 1 then put a thermometer in each test tube to make sure both solutions
were at the correct temperature. My procedures were limited to the apparatus available
al college and also to the time limit as the longest practical session available was about
80 minutes allowing for setting up and packing away.

In all four variables were altered. The first variable was the concentration of potassium
bromide solution. My results have been tabulated and drawn on graphs of both reaction
time against concentration and rate against concentration. The graphs looked like this:

\1 &~
RO, b
Vv \ roe
b
'\\“
|5 Vi
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These results were exactly as | expected, they show that as concentration decreases
reaction time increases. There were no anomalous results and my rate against
concentration graph proved clearly that the reaction is first order with respect to the
concentration of potassium bromide solution.

The concentration of potassium bromate(V) solution was also varied and the results
recorded. As in all variables 3 trials were carried out at each concentration. This proved
that the results were reliable as a result within experimental error could be obtained
again. The average of these three tnals was taken and from this reaction rate was
calculated. There were no anomalous results and graph four shows that the reaction is
first order with respect to potassium bromate(V) solution which is what I expected.
The last concentration to be varied was that of sulphuric acid. When this concentration
was varied the reaction took a lot longer than when the concentrations of the other
reactants were varied. | therefore decided not to use the same range of concentrations as
with the other two variables and did not go below 0.166 mol dm-3 of sulphuric acid.
Three trials were carried out as always and the average taken. In my results table one
value has been circled, this 1s because 1t does not fit into the expected trend. When the
concentration was 0.266 the times taken for the mixture to decolourise were recorded
as 87.6, 49.9 and 43.2 seconds. 87.6 is clearly an anomalous result. I am not certain
what caused this but can suggest some likely reasons. [t is possible than the solution
could have been made up wrongly and was actually at a lower concentration than it
should have been, this would make the reaction proceed more slowly than expected. 1
think this is the most likely explanation. Other possibilities are that the solution had
become contaminated making it react more slowly. This could have been due to not
correctly washing out the apparatus, spillages or to inaccurate timing but I do not think
these reasons would not cause such a large error. Because the error is so large this
result has been ignored when calculating reaction rate.

Graphs 5, 6 and 7 show my results when the concentration of sulphuric acid was
varied. From graphs 5 and 6 1t 15 apparent that the reaction 1s neither first or second
order. To verify this result the natural log of concentration was plotted against the
natural log of rate and the gradient of the graph was measured. The value of this
gradient should be the order of reaction and my calculated value was 1.5. This result
was unexpected as I know from my background knowledge that the order with respect
to sulphuric acid should be two and the reaction: should be fourth order overal!

When I studied graph 7 carefully it became obvious that the first 3 points seem to be on
a line with a steeper gradient than the final 3. This steeper gradient has been added to
graph 7 as a dotted line. I have calculated the gradient of this line.

gradient =y, -y,

Xe =Xy

=-3.64 --4.58
-1.35--18

=().94
0.45

=2.00
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The value calculated was just over 2 suggesting that within experimental error the
reaction 18 second order with respect to the concentration of sulphuric acid. The last 3
results seem to show a systematic error as the results are consistently too small and the
line has been shified down. 1 think this is due to time constraints as we were not able to
carry out all the trials in one lesson. The last three concentrations were investigated on
a dafferent day and the temperature in the laboratory could have been lower. This would
make the reaction rate lower and explain the regular error in these results. It is also
possible that on this day the concentration of the sulphuric acid may not have been
what it should be again leading to results that were consistently too low.

I know that my results are reliable when concentration was vaned as I could repeat a
trial and get basically the same results allowing for experimental error. The results
corresponded to the pattern I expected and there were few anomalics.

Temperature was the last vanable to be altered. Due to the more complicated procedure
there were more opportunities for experimental error and [ think this explains the
increased number of anomalous results. Graph 8 clearly shows these anomalous results
and they have also been circled in my table. When the reaction was carried out at 10°C
the results for the 3 trials were 103.3, 405.2 and 110.9 seconds, 405.2 seconds
evidently does not fit the pattern. I am fairly sure that the concentration of one or more
of the solutions was wrong or that too much or too little of one of the reactants was
added as my other results are within experimental error. To verify this I repeated the
experiment twice more at this temperature and the results were similar.

If too much phenol was present it is possible that the reaction could have taken longer
or if a large amount of phenol was added the mixture may not have decolounised at all,
particularly at lower temperatures. This is because the first bromine formed reacts with
the phenol until 1t has all been used, the next bit of bromine formed then reacts with
and decolourises the indicator. This reaction is shown below:

o

brewang + =My OF 1'
4, al\ﬂf' onco_ Haon, g oA Gono-
Hrg bromonld o reoack
Macechet s vt Mﬁm.j‘n QrOAge

The reaction would slow down as the reactants are used up and their concentration gets
lower and lower. So an increase m the amount of phenol present could have a large
effect on reaction time. The other possibility is that any of the concentrations could be
wrong. If for example the concentration of sulphuric acid was significantly lower than
it should be this could have a large effect on reaction rate. However 1 think this is
unlikely as the solutions were measured from burettes and solution from the same
burette was used in each trial. It is possible however that too little of one of the reactant
was added so the reaction took a lot longer than expected.

O
Br, R
O + I%_ Bf‘,_ — ﬁg =l Hedh SBF-
R~
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The result circled when the experiment was carried out at 40°C was also vastly
different from the other two trials. In this case I know the anomalous result was due to
a mistake in the procedure. The test tube that the mixture was held in had cracked
shightly at the bottormn. This was due either to the heat or it could have been smashed
against the glass beaker whilst sturing. This crack in the test tube was discovered after
the trial. It had allowed the water from the beaker to mix with the reacting solution, this
diluted the solution. Diluting the solution has the same effect as decreasing the
concentration as the molecules are less likely to collide so the reaction occurred much
more slowly.

The final two anomalous results occurred at 30 and 35°C. These were however closer
to the other results and can be explained through maccuracies in the procedure. For
example the timing could have been inaccurate or too much or too little of one of the
solutions could have been added. Spillages or lack of nnsing between runs could also
cause these errors. [ think a more likely explanation 1s that the solution was not quite at
the correct temperature. It is possible that although the water in the beaker was at the
temperature required that the solution in the test tube may not have been. The method
was modified to prevent this but the new method was not followed throughout the
experiment. [t was also very difficult to keep the solution at the exact temperature
required. »

The most obvious and probably the largest source of error in my reaction and in all
kinetic investigations 1s temperature. This 1s because a small change n temperature has
a significant affect on rate of reaction. The activation enthalpy for this reaction was
calculated to be 68.08 K.J moles-1, which 1s what I expected. If the temperature 13
increased the number of molecules that collide with this activation energy 1s also
increased. This means the reaction will proceed faster. The practical work was started
in June and completed over the Autumn term. The temperature in the laboratory was
not recorded at the start of each practical session therefore allowances for temperature
could not be made. The experiment was susceptible to temperature and due to time
limitations it was not possible to obtain a full set of results in one lesson. The
conditions were therefore not constant as the temperature was certainly higher in June.
This could be a reason for some inaceuracies. In my preliminary experiment the times
taken for the mixture to decolourise at 0.0022M of potassium bromide solution were
28.5, 21 and 22 seconds. In my actual expeniment however the same concentration took
an average tune of 34.9 seconds. This shows an incensistency and | think this 15 due to
the temperature in the laboratory being lower. Kinetic investigations are appropnale as
they produce lots of results however they are susceptible to temperature and wherever
possible this should be regulated.

The experiment was also reliant on my reaction times particularly when temperature
was varied, as the solution had to be added and the stopwatch started at the same time.
This could have caused a shight delay. It was also up to me to decide when the mixture
was totally colourless. This could have caused some errors but these were kept to a
minimum by it being the same person carrying out the experiment each time, so the
error should have been constant.

There were other problems in my experiment which I managed to avoid by altered the
procedure. Originally I planned to have temperature variables of 10, 20, 30, 40, 50 and
60°C. But this was not possible as the reaction occurred too fast above 40°C. T also
found that the mixture in the test tube decolourised at the highest temperatures before
the potassium bromide was added. This should not have happened as the Br ions are
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required to produce the bromine. It is possible that the solution could have become
contaminated and contain a small quantity of potassium bromide. This should not have
happened as firstly all the burettes were washed out with water and then with the
solution that was going into them, so they did not become either diluted or
contaminated. The test tubes were also washed thoroughly between trials. Another
suggestion for this decolourisation is that the potassium bromate(V) solution in some
way decomposed to leave bromine which in turn started to decolourise the mixture. It is
not possible to identify the cause of this without further investigation. I would do this if
time allowed by heating each of the variables in isolation with the phenol and methyl
orange to see if the mixture decolourised. To avoid the problem the reaction was not
carried out at this high temperature.

At the start of one practical session when the potassium bromide was added the
complete mixture went orange rather than colourless. I repeated this and got the same
result. This lead me to believe that the burette which supposedly contained potassium
bromide solution actually contained something else. To be sure I emptied and washed
out all the burettes and re-filled them this time labelling each one with the chermcal 1t
contained.

My procedures were suitable as I was able to achieve a set of results that show a clear
trend. Due to the limitations and to certain problems a few anomalous results were
recorded, but these have been ignored when looking for a pattern and drawing
conclusions. I am therefore confident about the conclusions I have come to, as they are
also supported by scientific knowledge. The errors associated with the apparatus were
small and the procedural error were kept to a minimum at all times. The method was
designed and modified with reducing errors in mind. The unavoidable errors such as
room temperature and human reaction time could not be excluded and do account for
some anomalous results.

There are improvements that could be made to the experiment. More trials could be
carried out at each concentration and temperature to get a more accurate average result.
The best way to improve the experiment would be to carry out all the trials on the same
day under the same conditions, but this was impossible due to time constraints. The
method used when temperature was varied was not very sophisticated and could have
been improved by better apparatus. But we only had the equipment available in college.
Working with a partner would have made the process more accurate because one
person could add the solution while the other stated the stopwatch. It was alse difficult
to determine exactly when the muxture had decolourised even when the white tile was
used. This meant the results could only be recorded to one decimal place. The
experiment could also be carried out in a water bath to ensure that temperature did not
affect the results.
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5.10

Commentary on Individual Investigation Report 0410

Kinetics of the reaction between bromide and bromate(v) ions

Introduction

This is another example of a very popular type of individual investigation in which reaction kinetic are
explored. It contains a particularly good analysing section in which a variety of graphs are used to find out
how reaction rate is affected by concentration of reactants and temperature. This investigation also
demonstrates how an original plan can be modified when initial results are not of sufficient quality to
enable meaningful conclusions to be drawn.

Planning

It is unfortunate that his report begins with an aim to prove some text book information, rather than an aim
to explore the relationships between reaction rate and concentration and temperature. The expected
background theory on order of reaction and the Arrhenius equation is covered. However, additional
material on the effect on reaction rate of surface area and of a catalyst are included, even though they are
not followed up in the actual investigation. This illustrates the candidates lack of selectivity. The risk
assessment is rather brief and makes no mention of the bromine produced in the reaction. A list of
references is included which are linked to specific sections of text, but they lack page number detail. This
part of this section can just be regarded as a good match with the descriptors at level P8a but does not
satisfy the descriptors at P11a.

The plan includes a general account of experimental procedure including preliminary work and
modifications made in the light of experience to try to ensure that the results obtained are accurate and
reliable. More detail about procedures are found later in the report together with explanation about the
choices made. This part of this section satisfies all of the requirements at level P8a and most of the
descriptors at P11a.

Overall, the plan satisfies the descriptors at level P8 but does not quite meet the requirements at level
P11. A mark of 9 or 10 is therefore appropriate, with a mark of 9 being most suitable in this case.
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Implementing

All data is recorded to an expected precision and in an appropriate format. Tables of data are clearly
labelled and there is a coherent and clear sense of purpose in the way that the experimental evidence is
presented. Additional data is collected when initial results are not felt to be satisfactory. It is a pity that
temperatures are not recorded to one decimal place, nevertheless, the requirements of all of the
descriptors for the recording strand of implementing are satisfied, up to, and including, level 111b.

Analysing

The raw data is used to calculate initial reaction rates which are then used to draw graphs in order to
explore the relationship between reaction rate and concentration and temperature.

The graphs are suitably annotated and are clearly drawn. The evidence collected about the effect of
hydrogen ion concentration on reaction rate is explored in particularly rigorous detail.

Values for both the rate constant and activation enthalpy are carefully calculated. The implications of the
derived experimental results on a possible reaction mechanism are thoughtfully discussed and causes of
unexpected measurements are suggested.

Overall. This is a strong analysis section that uses underlying chemical knowledge and understanding to
make sense of the evidence collected. It satisfies all of the descriptors up to, and including, level A11 and
a mark of 11 is therefore appropriate.

Evaluating

This section contains a comprehensive and thorough discussion of some of the factors that could have
contributed to inaccurate evidence. Limitations in the experimental procedures are identified and problems
with particular sets of data are noted. The uncertainty associated with some measurements is evaluated
but this is not extended to timing and temperature measurements. The relative significance of errors and
uncertainties are assessed. Improvements to procedures are suggested but this feature is rather limited.

Overall, the evaluation satisfies the requirements of the descriptors at level E8 but does not fully meet the
requirements at level E11. A mark of 9 or 10 is therefore appropriate, with a mark of 9 being most suitable
in this case.
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