The Maths in Rates of Reactions, A Year 2 Blog: 29th September 2019
(Two years ago I taught a girl who very much wanted to become a doctor, but who was not doing ‘A’
Level Maths. She did not get into a Med School. That has played heavily on my mind ever since, because I
may not have done as well for her as perhaps I could have/should have done. If you are doing ‘A’ Level
Maths, then this Blog will be excellent revision for you. If you are not doing ‘A’ Level Maths, then please
do make every effort to understand what I say herein. ‘A’ level Chemistry exams are not easy!)

• The examiners do expect you to be able to unify or to bring together all the concepts that you have
learnt, and in this topic you will be expected to do so with regard to the questions
- “How fast does this reaction proceed?”
- “How can you answer this question by experimentation?”
- “How does Activation Energy influence the Rate of a Reaction?”, “What is the value of the Ea in this reaction?”

- “What are the factors that affect the Rate Constant, k?”, What is the relationship of “k” and “T”?
- and so on,
therefore, in this note, I will try to give you the tools that you need to understand how this can be done.
• Could you please start by reading my note “Some Maths for Chemistry, A Year 1 and Year 2 Blog,
29th September 2019”. You do NOT need to do ‘A’ Level Maths to do ‘A’ Level Chemistry, but you
do need to master all the concepts in my note, otherwise you will not get either an A* or an A in your
Chemistry exam – and for Rates of Reaction, you unquestionably do need to understand
‘logarithms’ (or ‘logs’) and how to manipulate them.
A) The Maths that we shall use
Some log relationships (Irrespective of the base that is being used i.e. base “10” or base “e”)
log of 1 = 0
and
100 = 1 and
e0 = 1
y
log10(x ) = y.(log10x)
logxx = 1
and
x1 = x therefore log1010 = 1
x
log10(10 ) = x
and log10(102) = 2 and
log10100 = 2

and
and

logee = 1
loge(e2) = 2

log [ Ax ] = log [ A ]x = x. log [ A ]
Bx
B
B
log (A.B) = log(A) + log(B)

and

log [ A ] = log (A) – log(B)
B

• I learnt my Maths in the 1950s, and I therefore still use the terminology “log10” for the log of something to
the base 10, and “loge” for the log of something to the base e (the modern notation for loge is “ln”). You
can construct a system of logs to the base of any number, and indeed, 500 years ago, Napier did not use
either base10 or base e! I use the old-fashioned terminology because it makes the transposition of natural
logs to exponentials much easier to perform (if logex = y, then x = ey)1 – and in this note on the Maths in
Rates of Reaction, there will be many such transpositions because we will need to derive relationships for
Zero Order/First Order/and Second Order equations, and use Arrenhius’ equation for the Rates of
Reactions. In this blog you will need to be aware of the above relationships (but I remain puzzled as to why
the examiners expect ‘A’ Level Chemistry candidates to know such complicated material).
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This applies to log10 also. In order to remember this transposition, all that you need to do is to remember the
specific case that log10100 = 2.0, therefore 102 = 100.
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• In Coordinate Geometry (CG) the equation for a straight line is “y = ax + b” (and it is also written as
“y = mx + c”), where x and y are two inter-related variables such as the height and the weight of
human beings. The height of a person should determine the weight of a person, therefore in a graph of
height vs. weight, the ‘determining’ variable “height” is allocated the x-axis and the ‘determined’
variable is given the y-axis. ‘y’ is thus a function of ‘x’, and it can therefore be written as y = f(x); but,
please note that when you write the relationship as “y = f(x)”, then ‘y’ can be any function of x (such
as (y = x2) or (“y = √x + sin(x)”, or whatever relationship that y may have with x) – and the
relationship is no longer limited to that of a straight line.
• RoRs deal mainly with (i) straight lines (y = ax + b), and with (ii) sections of parabolas such as
y = ax2 + bx + c, where ‘a’ / ‘b’ / and ‘c’ can have negative or positive values or have the value of
‘zero’. “y = ax2 + bx + c” is called a quadratic equation. In this Chapter we will consider one special
parabola where a = 1, and both b and c = 0 to give “ y = x2 ” .
• Let me draw you a couple of straight lines.
For the straight line ‘y = 2x + 3’
when x = 0 , y = +3, and
when y = 0 , x = -1.5, therefore
with just those two points we can
now draw in the straight line.

For the straight line ‘y = -x + 2’
when x = 0 , y = +2, and
when y = 0 , x = +2, therefore
with just those two points we can
now draw in the straight line.
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The gradient = the tangent at “z”
tan z = Opposite side = + 3.0 = + 3.0
+ 1.0
Adjacent side

z

+3

-1

The gradient = the tangent at “z”
tan z = Opposite side = + 2.0 = -1.0
- 2.0
Adjacent side

• The graph on the left has a positive gradient while the graph on the right has a negative gradient. As a
reaction proceeds, the Products are being formed therefore their Concentration vs Time graphs have
positive gradients, while Reactants get used up therefore the gradient of their Concentration vs Time
graphs have negative gradients. Please keep this in mind when I start talking about “tangents” and
“gradients” – and there will be a fair amount of discussion about tangents and gradients (which in
essence are the same thing).
• If you are not doing ‘A’ Level Maths and you do not know any Coordinate Geometry, then a good
way of distinguishing a positive from a negative gradient is that the gradient of a straight line that goes
from the bottom left to the top right of a graph has a positive gradient (cf. left hand graph above),
whereas the gradient of a straight line going from the top left to the bottom right of a graph has a
negative gradient. You will need to appreciate that fact later on in this note.
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NB The (Universal or the Ideal) Gas Constant is written as “R”, therefore to avoid confusion please
always write Rate as “Rate” rather than as “R”. Equally, Equilibria Constants should always be
written with their suffixes (e.g. Kc / Kw /etc) to distinguish them from “K” for Kelvins, and the Rate
Constant in the equation above MUST always be written with a small “k”. (Capital “K” is
reserved for Equilibria Constants and for “Kelvin”.)
• We talked about the Nobel Laureate Svante Arrenhius (1859-1927) last year with regard to his theory
about Acids, and in this Topic we will use something called the ‘Arrhenius Equation or Relationship’.
In setting out the Arrenhius Equation below, Jim Clark shows the relationship that there is between the
Ideal Gas Constant (R) / the Temperature (T in Kelvins) / the Activation Energy (EA) / the Rate
Constant (k) / and a Constant that is called the Frequency Factor (A) which is a combination of the
Collision Frequency and the Steric Factor – and now can you see how many of the different aspects
of what you have learnt in the last two years are there in this equation!
For a First Order reaction, Rate = k.[X]1, and the
Rate of the reaction thus increases as the Rate
constant (“k”) increases. The Arrhenius Equation
therefore shows you how the Rate of a Reaction is
determined by
- the Activation Energy, and by
- the Temperature
and you learnt this last year viz. that
- a lower Ea (caused by introducing a catalyst)
speeds up the Rate of a reaction, and
- a higher Temperature will also speed up the Rate of
a reaction.

and please notice the negative sign in the exponent! It is written very small, but it is there!
• If the logarithm to the base “e” (i.e. “ln”) is taken of both sides of the above equation, then using
the Mathematical relationships that I gave you on page 1, the equation becomes
loge(k) = loge (A) + (–Ea ) . loge (e) = loge (A) – { Ea }
RT
RT
and since the log of a constant (“A”) is just a number, and since logee = 1 , then we get the equation
that was quoted in the Q16, 2016 Edexcel exam paper viz.
y
loge(k)

=
a . x
+
b
= – (Ea x 1 ) + ( “a constant” )
R
T
This being the equation for a straight line, where the gradient of the line = –Ea and Time is the variable ‘x’
R
therefore the Activation Energy for a particular reaction can be calculated by {R . (- a)}.
• In order to make your transpositions easy, please remember that lne = logee
and it is rather important that you are able to recognise that the equation
y
=
a . x +
b
loge(k) = – (Ea x 1 ) + ( “a constant” )
R
T
has the form of a straight line.
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• OK, those are the preliminaries about
- logs
- the Coordinate Geometry for the generic form of straight lines, and
- the Arrhenius Equation
that will allow us to start discussing the application of Mathematics to Rates of Reactions.
• Let us therefore start applying the Maths (and please remember that the symbol “∝ ” means
“is proportional to”.
B) The application of the Maths
• For a given reaction with Reactants
aA + bB + cC ––> Products
when answering the question “How Fast does the reaction occur?” (at any given temperature and in
the presence of a catalyst if one is being used), the relationship between the Rate of a Reaction and the
concentrations of the Reactants is expressed by the rate law
Rate = k . [A]x [B]y [C]z
where x, y and z are called the “orders of the reaction” with regard to substances A, B and C
respectively. The orders are obtained by experimentation alone – and we will now explore the
principles that underlie this equation. Please note that, in contrast to the case with Equilibrium
Constants
the powers in Rate Equations are NOT the stoichiometric ratios.
• The Concentration of all the Reactants and the Products varies CONTINUOUSLY throughout a
reaction and therefore so does the Rate of the Reaction. I will say that again: the Rate of a Reaction
changes continuously. It never stops changing until the end of the reaction has been reached, and
instead, the unvarying factor (for a given temperature and catalyst) that remains constant throughout
the whole reaction
is the RATE CONSTANT, “k”.
The RATE DOES NOT REMAIN CONSTANT,
but

IT IS THE RATE CONSTANT, “k”, THAT REMAINS CONSTANT.
• For the reaction aA + bB + cC ––> Products , if it is has been determined by
experimentation that the Rate of the Reaction at a given moment in time ∝ [A]x , ∝ [B]y and ∝ [C]z,
then the Rate Equation at a given temperature and for a given catalyst will be2
Rate = k . [A]x [B]y [C]z

(where “k” is the Rate Constant for the reaction).

2

In Chapter 1 we talked about the fact that if something is proportional to something else then there must be a
constant that will convert that “proportionality” into “equality” (and in “How Fast?” that constant is written as “k”).
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•

Therefore, once x / y / and z have been established by experimentation, the Rate Constant “k” can be calculated by
inserting the appropriate values for Concentration and Rate in the equation

k =

Rate
Rate at any one moment in time
[A]x [B]y [C]z
Concentrations of A/B/and C at that moment in time
i.e. the Rate of this Reaction is “k” times the concentration of A to the power “x”, times the
concentration of B to the power “y”, times the concentration of C to the power “z” – where x and y
and z (at ‘A’ Level) are one of the integers “0” , “1” , “2”. You will not be given any other integers at
‘A’ Level. It is possible to have powers that are not integers (e.g. 0.5 or whatever), and also to have
powers higher than “2”, but you should not encounter them at ‘A’ Level.
• Please note that when considering the Rates of Reactions, x and y and z are NOT the stoichiometric
ratios of the reaction.
“x”, “y” and “z” are determined SOLELY by experimentation.
• The Rate Equation: Rate = k . [A]x [B]y [C]z is known as the Rate Law.

The Orders of Reactions
• Zero Order : If a reaction is of Zero Order, i.e. Rate = k . [X]0
And since anything raised to the power of “0” = 1, then it must be the case that the concentration of X
raised to the power of “0” = 1 or [X]0 = 1, and therefore it does not matter what the concentration of
the substance X is, the Rate of the Reaction will not be affected by it at all. It will always be “k”.
• You can put as much of X or as little of X into the reaction as you want, and the Rate of the Reaction
will not alter at all.
• Actually, this is NOT true because if there were no Iodine in a Propanone/Iodine reaction then there
would be no reaction – but I do not want to make it too complicated at this stage and I do not want to
open up the subject of thresholds/etc.
• First Order : If a reaction is of the First Order, i.e. Rate = k . [X]1
then the Rate of the Reaction will vary directly with the Concentration of X viz. if you double the
Concentration of X, then the Rate of the Reaction will double (which is hardly surprising because
there will now be twice as many qualifying collisions per second), and if you triple the Concentration
of X then the rate will triple, ............... and so on!
• Second Order : If a reaction is of the Second Order, i.e. Rate = k . [X]2
then if you double the Concentration of X the Rate of the Reaction will increase fourfold (because
22 = 4), and if you triple the Concentration of X then the Rate of the Reaction will rise ninefold
(because 32 = 9), ............. and so on.
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• Third Order : You can get reactions that are of the Third Order, but these are rare in the gas (as
opposed to the liquid) phase because the probability of three gaseous species colliding (i) all at the
same time, and (ii) all with the requisite qualifying activation energy, and (iii) in the same spatial
orientation is very small.
NB The total order of a reaction is determined by the number of species that must collide with the
required minimum amount of energy and with the appropriate spatial orientation in order for the
reaction to occur.
• More than Third Order : The probability of four or more things colliding all at exactly the same time
and all possessing the qualifying activation energy is so minisculely small as to be statistically “zero”.
• The number of reactants (one/two/three/or four) is not relevant, we always know that the Rate of a
Reaction can be dependent on concentration in the case of solutions (and pressures in the case of
gases), but what we do not know and what we can never establish purely from first principles is the
exact nature of the relationship between Rate and Concentration. That can be established only by
experimentation.
• If, for example, it turns out to be the case that the Rate of a given Reaction is not at all proportional
to the concentration of a given reactant e.g. in the reaction of acidified aqueous Propanone CH3COCH3
(aq) and Iodine I2 (aq) to form Iodopropanone
CH3COCH3(aq) + I2(aq) + H+ (aq) ––> CH3COCH2I(aq) + HI(aq)
then the Rate of the Reaction is given by the equation
R = k . [CH3COCH3] 1 . [H+] 1 . [ I2]0
and the Rate of the Reaction is independent of the concentration of the Iodine, and the Rate is thus
“Zero Order” with regard to the concentration of Iodine. Increasing the concentration of the reactant
I2 (aq) will NOT increase the Rate of the Reaction at all.3
• In contrast, the Rate of the Reaction is directly proportional to the concentration of [H+] and thus
doubling the concentration of the reactant would double the Rate of the Reaction. It could also be the
case that the Rate of a reaction is proportional to the square of the concentration of a reactant as is the
case in the reaction
2NO2 ––> 2NO + O2 where the Rate of the Reaction = k.[NO2]2
and thus doubling the concentration of the reactant would QUADRUPLE the Rate of the Reaction.
• There is no way that anyone can predict in advance of the event how the Rate of a reaction will be
related to the concentration of a Reactant in a reaction (or a Product of a reaction). The only way to
establish this is by experimentation.
• In “How Far?” we used the stoichiometric ratios of the reaction equations as the indices to which to
raise the concentrations of the reactants and the products in order to calculate K, but in “How Fast?”
we cannot do that. The only way to find out the indices x, y and z in the relationship
Rate = k . [A]x [B]y [C]z
at a given temperature and for a given catalyst is by EXPERIMENTATION alone.
3

On “Doc Brown’s” website http://www.docbrown.info/page06/OrgMechs3d.htm , there is a very good but rather
involved description of the reaction of the Iodination of Propanone:
+ H+
CH3COCH3(aq) + I2(aq) –––> CH3COCH2I(aq) + H+(aq) + I–(aq) where Rate = k.[ CH3COCH3]1.[H+]1.[I2]0
i.e. the Rate of the Reaction is (in effect) independent of the Concentration of the Iodine.
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• The question then becomes “How do you determine the values of x / y / and z once the experiments
have been conducted?” – and please remember that at ‘A’ Level we shall deal only with Zero Order /
First Order / and Second Order Rates of reactions.
• There are two (easy) ways of identifying the Orders of a Reaction viz.
A) the Initial Rates method, and
B) the examination of the shapes of the Rate vs. Concentration graphs method.

A) The Initial Rates Method (where the values in the table below have been established by experimentation)
• On page 362 of their excellent book, John Holman4 & Graham Hill (ISBN 0-17-448276-0) use the
following example for the reaction
2H2 (g) + 2NO (g) ––> 2H2O (g) + N2 (g)

and here we do not need to draw any graphs at all to establish the orders of the reaction because we
can see that
• When we keep the concentration of NO (g) unchanged but double the concentration of H2 (g), then
the Rate of the Reaction doubles, and when we treble the concentration of the H2 (g) the Rate of
the Reaction trebles. It is obvious therefore that the Rate of the Reaction here is directly
proportional to the concentration of Hydrogen i.e. Rate ∝ [H2]1 – and that the order of the
reaction with regard to Hydrogen is therefore of the First Order.
• Also, when we keep the concentration of H2(g) unchanged but double the concentration of NO(g),
then the Rate of the Reaction quadruples, and when we treble the concentration of the NO(g) the
Rate of the Reaction increases ninefold. It is obvious therefore that the Rate of the Reaction here is
proportional to the square of the concentration of NO(g) i.e. Rate ∝ [NO]2 – and that the order of
the reaction with regard to Nitrogen Oxide is therefore of the Second Order.
• We have thus found that the Rate Equation for the above reaction can be written as
Rate = k . [H2]1 . [NO]2
NB [X] = the concentration of X.

4

Now Professor Sir John Holman, the President of the RSC.
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B) The examination of the SHAPES of the Rate vs. Concentration graphs method
• The second easy way of establishing the Orders of a Reaction, is to conduct experiments to establish
the changing Concentration of a Reactant in a reaction over a period of time, and then to plot these
Concentrations (on the y-axis) against Time (on the x-axis). NB Concentration vs Time.
Concentration vs Time graphs

Source: www.knockhardy.org.uk/sci.htm
• Gradients to the line on the graph can be established by drawing straight lines just touching the curve
at different points in time on the curve, and since the gradients represent the Rates of the Reaction at
those points in time, a second graph can then be drawn of Rate against Concentration at different
points in time, and the shape of the resulting curves (overleaf) will reveal whether they are First Order
/ Second Order / or Third Order Reactions. NB Rate vs Concentration.

Drawing the RATE vs CONCENTRATION GRAPHS
• If you calculate the gradient/the tangent/the slope at successive points along each of these curves (as
in the Knockhardy graphs above), these equal the Rates of the Reaction at each of those points in
time. If you then plot the resulting Rates at those points in time (on the y-axis) against the
Concentration (on the x-axis) at those points in time you will get the following (page 9) definitive
shaped curves, and you can then distinguish one Rate Order from another.5 The numbers in red are the
Orders of the Reactions or the Rate Orders of the different Reactants.

5

There is a potential problem in that other curves may also have that shape – but we will address that problem very
soon. (Second Order curves will give a straight line if Rate is plotted against the square of the Concentration.)
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Rate = k . [Conc.]0

Rate = k . [Conc.]1

Rate = k . [Conc.]2

Source: Mike Sugyama Jones
• For a Zero Order reaction (where the gradient = 0), the Rate of the Reaction cannot possibly change
because [Concentration]0 = 1. (Any number raised to the power of zero = 1.)
• For a First Order reaction (a straight line going through the origin), the Rate will increase in
proportion to the increase in Concentration, but it is not necessary for the gradient to be a 1:1 gradient.
The gradient will be determined by the stoichiometry of the reaction equation. All that is required is
that the line is a straight line (“ y = ax + b ”)6 that goes through the origin (x = 0 , y = 0).
• For First Order and Second Order reactions, the starting Rate of the Reaction must equal “0”
because the Rate = 0 when the Concentration = 0. (When there are no reactants in the reaction, then
no reaction can take place.)
• We thus have a means of identifying the Orders of different reactions in the Rate Equation
Rate = k . [A]x [B]y [C]z
where “x” / “y” / and “z” are called the “Orders” of the Reaction for the Reactants concerned – and
now that we know the values of “x” / “y” / and “z”, and since the tangent to a Concentration vs Time
curve will give us the Rate for the Concentrations of the reactants A/B/and C, then we can calculate
“k”.
• We have now discussed the two easy ways of establishing the Orders of a Reaction viz.
A) the Initial Rates method, and
B) the examination of the shapes of the Rate vs. Concentration graphs method.
• Unfortunately, there is another method of establishing the Orders of a Reaction (the Mathematical
Method), and this gives a set of straight lines that must not be confused with the straight lines that we
have derived earlier in this Blog. Using the Mathematics in the first Section of this Blog we get – and
you may want to just memorise what goes on the y-axis and what goes on the x-axis for each of these
different Orders of Reaction). Please note that there is always a known Initial Concentration [X]I of a
Reactant in a reaction therefore the straight lines below start from an intercept on the y-axis, but the
final Concentration [X]F does not have to be “zero” therefore there does not have to be an intercept on
the x-axis.

6

“a” (in y = ax + b) will have a negative value for Reactants and a positive value for Products.
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• Every line that obeys the constraints of the equation “ y = ax + b” will give a straight line, and if
a = 1, and b = 0, then the straight line becomes “y = x” (a straight line with a gradient of 45˚).
• This statement of a straight line provides an interesting feature, in that it does not matter what is
substituted for “x”, it will still be true that “y = x” will always form a straight line. Let us see try it and
see what happens.
• If, for example, we were to substitute the Square of the Concentration for “x”, then we would get a
straight line. Is that true? Yes it is true!
• If we were to substitute the Cube of the Concentration for “x”, then we would get a straight line. Is
that true? Yes it is true (but Third Order reactions are very rare).
• Can you remember that I have told you on two different occasions that other things besides the classic
Zero Order Concentration vs Time graph and the Zero Order and First Order Rate vs Concentration
graphs are straight lines? Well, now you have just learnt two more straight line graphs: if you plotted
Rate vs the SQUARE of the Concentration you would get a straight line (and if you were to plot the
CUBE of Rate vs Concentration you would also get a straight line).
• In fact there are many straight line graphs in RoRs, and I would urge you most strongly to watch out
and read the exam question carefully to make sure that you know exactly what the examiners are
asking for.
• For example, in Question 16 of the June 2017 Unit 4 Edexcel paper, there was this question

and if you did not read the question carefully (and apparently many candidates did not read the
question carefully), then you would have said “First Order”, but in fact the correct answer was
“Second Order” because they asked you for Rate vs the SQUARE of the initial concentration! (Read
16(a) again and you will see that.)
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NB The y-axis in each of the three graphs below represents a different aspect of Concentration.
“RoR” = Rate of Reaction
and Initial Concentration, [X]Initial or [X]I
and Final Concentration is [X]Final or [X]F .
For a ZERO Order RoR, plotting Concentration (on the y-axis) against
Time (on the x-axis) gives a straight line with a slope of ‘– k’ and a
y-intercept of the Initial Concentration, [X]Initial or [X]I .

For a FIRST Order RoR, plotting ln[Concentration] , i.e. loge(of the
Conc.) (on the y-axis) against Time (on the x-axis) gives a straight line
with a slope of ‘– k’ and a y-intercept of loge(Initial Concentration), or
[X]I .

For a SECOND Order RoR, plotting the inverse of the Concentration (on
the y-axis) against Time (on the x-axis) gives a straight line with a slope
of ‘+k’ and a y-intercept of “
1
” , or 1
.
Initial Concentration
[X]I

Source of the graphs above: Averill & Eldredge “Chemistry: Principles, Patterns and Applications”
NB Just as in Organic Chemistry, the examiners nowadays do throw fearsome looking things (diagrams
of very complicated organic molecules/unbelievably complicated equations/etc) at you, but you are
not expected to exhibit a Degree-level understanding of such things. All that you are expected to do is
to spot the basic principles that are involved and to give simple explanations of the principles that are
involved, or to apply those principles. That is all that is expected of you.
• For those of you who are not doing ‘A’ Level Maths, I have now given you a reasonably thorough
Mathematical Introduction to the Topic of Rates of Reaction (i.e. “How fast does this reaction
occur?”), so please now go to the Appendix.
• For those of you who are doing ‘A’ Level Maths, and who want to do some ‘Revision’ Maths, then
please read on.
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NB In the three graphs on page 10, all of them are straight lines and the Zero and First Order lines have
negative gradients while the Second Order line has a positive gradient.
NB Initial Concentration, [X]Initial or [X]I
and Final Concentration is [X]Final or [X]F ,
and the Arrhenius Equation states that

k = A.e

Ea
RT

therefore we can derive the equation given in Q16, of the 2016 Edexcel paper viz.

giving the straight line

loge(k) = – (Ea x 1 ) + (a constant)
R
T
y
=
m . x +
c

and please note that for the Orders of Reactions, chemists have deliberately derived functions that give
straight lines – and they have done so in order to be able to exploit the known mathematical properties of
straight lines.

A) The Zero Order Reaction where Rate = k . [X]0
• If, for a Zero Order Reaction, you plot Concentration against Time,
then you will obtain the accompanying graph, where
- [X]I is the Initial concentration of the Reactant “X”, and it is the
intercept on the y-axis
- [X]F is the Final concentration of the Reactant “X”, and this can be
measured on the y-axis where the line in the graph alongside ends
- the gradient of the line is “-k”, and this represents “m” in the
generic equation for a straight line “ y = mx + c ”.
• By examination of the y-axis, it can be seen that for the straight line
y = mx + c
[X]F = –kt + [X]I
(Final Conc.)
(Initial Conc.)
and this is the equation that you might be given for a Zero Order reaction in the exams.
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B) The First Order Reaction where Rate = k . [X]1
Please note that the slope of the gradient in this graph is NEGATIVE,
and that you are plotting the loge[X] (y-axis) against Time (x-axis)!
• If, for a First Order Reaction, you plot
the loge of the Concentration against Time, then you will obtain the
accompanying graph, where
- [X]I is the Initial concentration of the Reactant “X”, and it is the
intercept on the y-axis
- [X]F is the Final concentration of the Reactant “X”, and this can be
measured on the y-axis where the line in the graph alongside ends
- the gradient of the line is “-k”, and this represents “m” in the generic
equation for a straight line “ y = mx + c ”.
• By examination of the y-axis, it can be seen that for the straight line
y
= mx +
c
loge[X]F = –kt + loge[X]I
(Final Conc.)
(Initial Conc.)
and this can be written as

loge[X]F – loge[X]I = –kt

and this gives loge { [X]F } = –kt , or you could write it as { [X]F } = e–kt or
[X]I
[X]I

[X]F = [X]I . e–kt .

and you might be given any of these for a First Order reaction in the exams.

C) The Second Order Reaction where Rate = k . [X]2
Please note that the slope of the gradient in this graph is POSITIVE,
and that you are plotting
1
(y-axis) against Time (x-axis)!
Concentration
• If, for a First Order Reaction, you plot
the loge of the Concentration against Time, then you will obtain the
accompanying graph, where
- [X]I is the Initial concentration of the Reactant “X”, and it is the
intercept on the y-axis
- [X]F is the Final concentration of the Reactant “X”, and this can be
measured on the y-axis where the line in the graph alongside ends
- the gradient of the line is “-k”, and this represents “m” in the generic
equation for a straight line “ y = mx + c ”.
• By examination of the y-axis, it can be seen that for the straight line
y = mx + c
1 = kt + 1
.
[X]F
[X]I
(Final Conc.)
(Initial Conc.)
and this is the equation that you might be given for a First Order reaction in the exams.
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• The graphs on page 12 came from Averill & Eldredge “Chemistry: Principles, Patterns and
Applications” and I now show you the complete set of graphs and summary calculations that they
publish.
NB
•

ln2 = loge(2.0) ≈ 0.6931. You will meet this when we get to “Half-lives”.

Since you would not be reading this unless you are doing ‘A’ Level Maths, then you will know that
the use of the symbol “x” indicates “the difference in”, and when it is used in conjunction with the
symbol “limit ––>” then indicates that the Differential in Calculus, “d ” is about to be used
dx
but if the differentiation were to be with respect to time then “dx” would become “dt”.

Please take careful note
of the minus sign ––>

Plotting/drawing the
Integrated Rate
Equation ––>
Please note the
difference in the
y-axes (cf. page 19).

This is what happens
to the Rate if the
Concentration is
doubled and trebled.

“M” = mol dm–3 ––>

Source: Averill & Eldredge “Chemistry: Principles, Patterns and Applications”
• You can now see that there are many RoR functions that will give a straight line. You must therefore
read the question in the exam carefully to see what the examiners are after.
• In the exams, please make sure that you look carefully at the labels on the y- and the x-axes so
that you know exactly what the examiners are looking for.
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Half-Lives
• There is one last set of graphs that we need to talk about in order to cover the ‘A’ Level Syllabus
which includes an understanding of “half-lives”. (I myself prefer to work out half-lives using Calculus,
but the Syllabus uses a graphical methodology because not all Science students do ‘A’ Level Maths
these days.) The graphical method is quick and easy, but the Mathematical method is difficult/
challenging although intellectually satisfying. (If you are not doing ‘A’ Level Maths, then please do
not read Physics or Chemistry for your degree. Your life would become immensely complicated, if not
even impossible, if you were to do so.)
• At its simplest, the half-life of a substance is the time required for its concentration to halve, and
when we look at the graphs involved (below, from Purdue University), please do keep that in mind.
The concentration of a substance is often shown on the y-axis. Look therefore for a halving in the
concentration from say 2 mol dm–3 to 1 mol dm–3 (or whatever), where on a Concentration vs Time
graph
- in a zero-order reaction the half-life decreases with time
- in a first-order reaction the half-life is constant
- in a second-order reaction the half-life increases with time.

• With regard to half-lives, if the Initial Concentration = [X0], then
• For a Zero Order reaction,

Rate = k[X]0

• For a First Order reaction,

Rate = k[X]1

the half-life = [X0]
2k

the half-life = 0.693
(0.693 = loge2.0)
K
(The half-life for a First Order reaction is independent of the Initial Concentration.)

• For a Second Order reaction, Rate = k[X]2

the half-life =

1
k [X0]

• Professor Stuart Mackenzie of Magdalen College, Oxford says the following – but he writes some
things slightly differently from the way that I write them, e.g. he (and many other chemists) write
Time taken for the concentration to halve = half-life = t½
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• With regard to half-lives, if the Initial Concentration = [X0], and the half-life = “ t½ ”, then

and he is using a Concentration (on the y-axis) vs Time (on the x-axis) graph above.
• Equally, if you conduct experiments and draw the Concentration vs Time graphs from Purdue
University (please note that these are Concentration vs Time graphs), then you will see that the shape
of the Concentration vs Time graph should tell you the order of the reaction. I say “should” because
you may not be able to distinguish the depth of the curve until you gain enough experience.
• Please note that if you are unsure about how to interpret the shape of a second order graph, then if you
plot the Rate against the Concentration SQUARED, then if it is a second order graph the shape will be
that of a straight line.
• As we saw earlier, a straight line will also be obtained if

1
Concentration

were plotted against Time .

• Please take careful note of how the half-life alters through time according to the order of the reaction.
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• At ‘A’ Level all that they will ask you to do is to inspect a Concentration vs Time graph and visually
work out when (for example) one quarter/one eighth (or whatever) of the life has gone.
• All that you will need to do is to (and this is exactly what the Purdue University and Oxford University
graphs do)
• Work out the value of half the initial concentration/the value of one quarter of the initial
concentration/ the value of one eighth of the initial concentration / ....... and so on.
• Mark these values on the Concentration axis (the y-axis).
• Draw a horizontal line to the Concentration vs Time curve.
• At these points draw vertical lines from the Concentration vs Time curve to the Time axis (the xaxis), and then from the time intervals on the x-axis involved you can work out the half-life of the
substance.
• A half-life is most often used in conjunction with radioactive decay e.g. in radiocarbon dating using
C-14.
• You will NOT be asked to do complicated differential Calculus half-life calculations – although, if
you like Calculus and logs, they are lovely little calculations.

NB One reasonable thing that examiners have been asking of late is “Why was there an excess of the
Reactant XYZ?”, and the answer to that question is that in order to determine the effect of a change
in the concentration of one particular Reactant, the concentration of every other Reactant must be
kept constant, and if the concentration of a Reactant is in excess, then in effect its concentration is
not changing.

OK, that is now a fairly thorough and rigorous examination of the Mathematical aspects of Rates of
Reaction. If you have read this Blog carefully, and you then read Chapter 7 of my Second Year book on
Inorganic Chemistry, then I will have given you all the material that you need to do any question that they
may throw at you on Rates of Reaction in your exams. GOOD LUCK!
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APPENDIX: A reminder of logs
The credit for the development of “logs” is given to John Napier, but in reality many great
mathematicians (notably Leonard Euler) contributed to the development of ‘logs’.
What is a “log”?
• In the olden days, before calculating machines were in common use, it was very difficult to multiply
and divide numbers that were large. For example, please could you try multiplying 14,725 by 12,365
by hand (i.e. without using your calculator)! Now can you see the problem that they had in the olden
days?
•
•

However, in the late 1500s/early 1600s at least two mathematicians (a Swiss gentleman who did not
publish his thesis, and a man called John Napier), used the algorithm (I will repeat that, used the
“ALGORITHM”)7
[ Ax

multiplied by

Ay ]

=

A(x+y)

to formulate a way of making multiplication and division easier, because instead of multiplying Ax and
Ay together, all that needs to be done now is to ADD together x and y and then look up an antilog table
to find out the value of A(x+y). [NB Ax divided by Ay would give A(x–y), therefore complicated division
and multiplication became just as easy as each other!]
• Napier then laboriously worked out BY HAND the logarithms and the antilogarithms (or “logs” and
“antilogs”) for masses and masses of numbers and then published them for everybody in the world to
use.8 The “logs” that you use in your modern electronic calculator are a direct result of
something invented by John Napier FIVE HUNDRED years ago!!!!!
• Clearly, any number can be chosen as the base for which a log is the power - but in the end it was
found that calculating logs to the base of 10 gave the most CONVENIENT logs9 for multiplication and
division, but calculating logs to the base of “e” was the most important for pure mathematics
because
d (ex ) = ex
dx
[NB If you have not done any Calculus, then please do not worry about the above equation for the
moment.]

7

From about 800-1,200 AD when we in Europe were dressing up in suits of armour and killing each other, the Muslims in the
Near/ Middle were almost the sole repository of all scientific knowledge. Any word in science that starts with the letters “al” (i.e.
the Arabic definite article) is therefore almost invariably derived from a word of Arabic origin. In that era, the translators (who
could translate Greek and Latin texts into Arabic) were treated by the Muslims as we treat footballers today. They became some
of the wealthiest professionals in the whole world!
8
Therefore please remember that the good things that you do during your lifetime can live on forever!
9
Napier actually choose (1-10–7) as his base (but I am not going to go into the reason for this choice), and another mathematician
called Henry Briggs subsequently (with Napier’s consent) changed the base to “10” – the base of modern logs.
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• SO THAT IS IT! Logs are nothing more than the power of 10 (or of e, or of any number) which
gives a particular number e.g.
102.0 = 100 therefore 2.0 is the log-to-the-base-10 of 100, or log10 100 = 2.0.
The “2” in front of the decimal point in “2.0” is called the “characteristic” (the bit that follows from
the decimal point is called the “mantissa”), and it tells you that there are three numbers in front of the
(unshown) decimal point in “100”, and, the “5” in “5.0428” below tells you that there are six numbers
in front of the decimal point in “110,357.029”.
105.0428 = 110,357.029 and 5.0428 is the log-to-the-base-10 of 110,357.029, or
log10 110,357.029 = 5.0428. [Please check this for yourself on your calculator!]
• OK, so how did logs help make multiplication and division easier? Well once you have the logs of
numbers, it is easy to add up the logs of the two numbers (or subtract them if you are dividing) and
then in the appropriate antilog table look up the antilog of the resulting number, and then you will have
your answer! Modern computers did not come into being until the 1980s. I am now very near 80 years
of age – and, until the 1980s, everybody had to multiply big numbers by using logs!
• For example please use your calculator to find the logs of the two big numbers in the first bullet point
in this Appendix. You should get 4.16806 and 4.09219 – and these are the numbers that you would
have got (without doing any calculations at all) just by looking up Napier's log tables. If you then
added 4.09219 and 4.16806, you would get 8.26025, and if you then looked up Napier's antilog table
for that number, you would get the answer 1.8207 x 108. Could you now multiply the two big numbers
on your calculator, and you will see that you get almost exactly the same answer (or 182,074,625 to be
exact) that you would have got just by looking up Napier's tables 500 years ago. At a time when there
were no calculators, Logs gave almost exactly the right answer.
• Can you now see how Napier absolutely transformed the execution of multiplication and
division, by the invention of his “logs”!10 Without them, it would have taken ages to multiply and
divide big numbers, but with them, multiplication and division became child's play – and this
was CRUCIALLY important to navigators/engineers/mathematicians/gunnery officers/etc (and
also to all of us who did ‘A’ Level Maths before electronic calculators became popular in the
1980s).
• Let me do for you a division calculation using logs e.g. 14,725 ÷ 12,365
Step 1
Log10 14,725
= 4.16806
Step 2
Log10 12,365
= 4.09219
Step 3
4.16806 - 4.09219
= 0.07587 11 (see footnote 8)
0.07587
Step 4
10
= 1.1909
and if you now check this answer with the answer given by your calculator, you will see that the
answer is almost exactly the same as the one above.
• The remainder of this note contains some modestly complicated Maths. You DO need to know
about “logs” for your second year of ‘A’ Level Chemistry when you start learning how to
calculate the pH of acids and alkalis (and if you are going on to study Medicine, then you will
need to know about logs for some of the subjects in Medicine – especially when you are doing
Henderson-Hasselbalch equations). Please note the difference between
“log (x)” which is the accepted notation for “log10 (x)”, and “ln (x)” for “loge (x)”.

10
11

And my goodness, just think how much easier it made multiplication and division involving three or more numbers!
The zero in front of the decimal point tells you that there is only one number in front of the decimal point in the answer.
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