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16.1.1 Rate Equations

Rate Equations

The rate o f  reactio n can be fo und by:

Measuring the decrease in the co ncentratio n o f a reactant o ver time

Measuring the increase in the co ncentratio n o f a pro duct o ver time

The units fo r rate o f reactio n are mo l dm  s

Rat e of  React ion

The fo llo wing general reactio n will be used as an example to  study the rate o f reactio n

D (aq) → E (aq) + F (g) 

The rate o f reactio n at di�erent co ncentratio ns o f D is measured and tabulated

Rate o f  reactio ns table

A directly pro po rtio nal relatio nship between the rate  o f reactio n and co ncentratio n o f  D is

o bserved when the results are plo tted o n a graph:

-3 -1
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Rate of reaction over various concentrations of D

This leads to  a very co mmo n rate expressio n:

Rate ∝ [D]       o r       Rate = k[D]

This rate expressio n means that if the co ncentratio n o f D is do ubled, then the rate do ubles

Equally, if the co ncentratio n o f D halves, then the rate halves

Rat e Equat ions

The fo llo wing reactio n will be used to  discuss rate equatio ns:

A (aq) + B (aq) → C (aq) + D (g) 

The rate equatio n fo r this reactio n is:

Rate o f  reactio n = k [A]  [B]

Rate equatio ns can o nly be determined experimentally and canno t be fo und fro m

the sto ichio metric equatio ns

m n
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In the abo ve rate equatio n:

[A] and [B] are the co ncentratio ns o f the reactants

m and n are o rders with respect to  each reactant invo lved in the reactio n

Pro ducts and catalysts may feature in rate equatio ns

Intermediates do  no t feature in rate equatio ns

Order of  react ion

The o rder o f a reactant sho ws ho w the co ncentratio n o f a chemical, typically a reactant, a�ects

the rate o f reactio n

It is the po wer to  which the co ncentratio n o f that reactant is raised in the rate equatio n

The o rder can a po sitive, negative o r fractio nal value

Orders that are a fractio n suggest that the reactio n invo lves multiple steps

Exam T ip

In an exam, yo u may be presented with info rmatio n abo ut a reactio n that uses o rders that are

fractio ns. Examples include:

The deco mpo sitio n o f ethanal - Rate = k[CH CHO]

The reactio n o f hydro gen and bro mine - Rate = k[H ][Br ]

The reactio n between carbo n mo no xide and chlo rine - Rate = k[CO] [Cl ]

Ho wever, fo r calculatio ns o nly values o f 0, 1 o r 2 need to  be co nsidered

When the o rder o f reactio n with respect to  a chemical is 0

Changing the co ncentratio n o f the chemical has no  e�ect o n the rate o f the reactio n

Therefo re, it is no t included in the rate equatio n

When the o rder o f reactio n with respect to  a chemical is 1

The co ncentratio n o f the chemical is directly pro po rtio nal to  the rate o f reactio n,

e.g. do ubling the co ncentratio n o f the chemical do ubles the rate o f reactio n

The chemical is included in the rate equatio n

When the o rder o f reactio n with respect to  a chemical is 2

The rate is directly pro po rtio nal to  the square o f the co ncentratio n o f that chemical, e.g.

do ubling the co ncentratio n o f the chemical increases the rate o f reactio n by a facto r o f fo ur

The chemical is included in the rate equatio n (appearing as a squared term)

The o verall o rder o f  reactio n is the sum o f the po wers o f the reactants in a rate equatio n

3
3/2
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Worked example

The chemical equatio n fo r the thermal deco mpo sitio n o f dinitro gen pento xide is:

2N O  (g) → 4NO  (g) + O  (g)

The rate equatio n fo r this reactio n is:

Rate = k[N O  (g)]

�. State the o rder o f the reactio n with respect to  dinitro gen pento xide

�. Deduce the e�ect o n the rate o f reactio n if the co ncentratio n o f dinitro gen pento xide is

tripled

Answers

Answer 1:

Dinitro gen pento xide features in the rate equatio n, therefo re, it canno t be o rder z ero  / 0

The dinitro gen pento xide is no t raised to  a po wer, which means that it canno t be o rder 2 /

seco nd o rder

Therefo re, the o rder with respect to  dinitro gen pento xide must be o rder 1 / �rst o rder

Answer 2:

Since the reactio n is �rst o rder, the co ncentratio n o f dinitro gen pento xide is directly

pro po rtio nal to  the rate

This means that if the co ncentratio n o f the dinitro gen pento xide is tripled, then the rate o f

reactio n will also  triple

2 5 2 2

2 5
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Worked example

The fo llo wing equatio n represents the o xidatio n o f bro mide io ns in acidic so lutio n

BrO  (aq) + 5Br  (aq) + 6H  (aq) → 3Br  (l) + 3H O (l)

The rate equatio n fo r this reactio n is:

Rate = k[BrO  (aq)][Br  (aq)][H  (aq)]

�. State the o verall o rder o f the reactio n

�. Deduce the e�ect o n the rate o f reactio n if the co ncentratio n o f bro mate io ns is do ubled

and the co ncentratio n o f bro mide io ns is halved

Answers

Answer 1:

All three reactants feature in the rate equatio n but they are no t raised to  a po wer, this means

that the o rder with respect to  each reactant is o rder 1 / �rst o rder.

The o verall o rder o f the reactio n is 1 + 1 + 1 = 3  o r third o rder.

Answer 2:

Since each reactant is �rst o rder, the co ncentratio n o f each reactant is directly pro po rtio nal

to  the e�ect that it has o n rate

If the co ncentratio n o f the bro mate io n is do ubled, then the rate o f reactio n will also  do uble

If the co ncentratio n o f the bro mide io n is halved then the rate will also  halve

Therefo re, there is no  o verall e�ect  o n the rate o f reactio n - o ne change do ubles the rate

and the o ther change halves it

3
- - +
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Solving Rate Equation Problems

Deducing Rat e Equat ions

The fo llo wing reactio n will be used to  deduce the rate equatio n, using experimental data

(CH ) CBr  +  OH   →  (CH ) COH  +  Br

Table to  sho w the experimental data o f  the abo ve reactio n

To  derive the rate equatio n fo r a reactio n, yo u must �rst determine all o f the o rders with respect

to  each o f the reactants

This can be do ne using the tabulated data pro vided

Take the reactants o ne at a time and �nd the o rder with respect to  each reactant individually

�. Identify two  experiments where the co ncentratio n o f o ne reactant changes, but the

co ncentratio ns o f all o ther reactants are co nstant

�. Calculate what happens to  the co ncentratio n

�. Calculate what happens to  the rate o f reactio n

�. Deduce the o rder o f reactio n with respect to  that chemical

�. Repeat this fo r all o f the reactants, o ne at a time, until yo u have determined the o rder with respect

to  all reactants

Order wit h respect  t o [(CH ) CBr]

�. In experiments 1 and 2, the co ncentratio n o f (CH ) CBr changes while the co ncentratio n o f OH

remains co nstant

�. The [(CH ) CBr] has do ubled

�. The rate o f the reactio n has also  do ubled

�. Therefo re, the o rder with respect to  [(CH ) CBr] is 1 (�rst o rder)

3 3
-

3 3
-

3 3

3 3
-

3 3
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[Change in co ncentratio n]  = change in rate

[2]  = 2

[2]  = 2

Order wit h respect  t o [OH ]

�. In experiments 1 and 3, the co ncentratio n o f OH  changes while the co ncentratio n o f

(CH ) CBr remains co nstant

�. The [OH ] has do ubled

�. The rate o f the reactio n has increased by a facto r o f 4

�. Therefo re, the o rder with respect to  [OH ] is 2 / seco nd o rder

[Change in co ncentratio n]  = change in rate

[2]  = 4

[2]  = 2

Building t he rat e equat ion

Once  the o rder with respect to  all o f the reactants is kno wn the rate equatio n can be

co nstructed

Zero  o rder reactants are no t included in the rate equatio n

First o rder reactants are included in the rate equatio n - they do  no t require a po wer

Seco nd o rder reactants are included in the rate equatio n - they are raised to  the po wer o f 2

So , fo r this reactio n the rate equatio n will be:

Rate = k [(CH ) CBr] [OH ]

Exam T ip

Examiners will o ften give co ncentratio n and rate data in standard fo rm to  test yo ur mathematical

skills!Take yo ur time because it is easy to  make a mistake - the mo st co mmo n o ne is failing to

no tice a facto r o f ten, e.g. o ne rate value is x10  while the rest are x10

or der

or der

1

-

-

3 3

-

-

or der

or der
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16.1.2 Rate Constants

Rate Constants

The rate co nstant, (k), o f a reactio n can be calculated using the initial rates and the rate equatio n

Calculat ing t he rat e const ant  f rom t he init ial rat e

The reactio n o f so dium carbo nate with chlo ride io ns (fro m hydro chlo ric acid) to  fo rm so dium

chlo ride will be used as an example to  calculate the rate co nstant fro m the initial rate and initial

co ncentratio ns

The reactio n and rate equatio n are as fo llo ws:

Na CO  (aq) + 2Cl  (aq) + 2H  (aq) → 2NaCl (aq) + CO  (g) + H O (l)

The pro gress o f the reactio n can be fo llo wed by measuring the initial rates o f the reactio n using

vario us initial co ncentratio ns o f each reactant

Experimental results o f  co ncentratio ns & initial rates table

2 3
- +

2 2
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To  �nd the rate co nstant (k):

Substitute the values o f o ne o f the experiments to  �nd k (fo r example measurement 1)

The values o f measurement 2 o r 3 co uld also  have been used to  �nd k

They all give the same result o f 1.40 x 10

Calculat ing unit s

When yo u are asked to  calculate the rate co nstant, k, fo r a reactio n yo u must also  be able to

deduce the units

This is do ne by replacing the values in the rearranged rate equatio n with the units o f that value

The units can then be co mbined o r cancelled as required

Fo r example, to  calculate the units fo r the abo ve reactio n:

Temperat ure and t he rat e const ant , k

The fo llo wing general reactio n and rate equatio n will be used to  discuss the e�ect o f

temperature o n the rate co nstant, k:

A + B → C + D

Rate o f  reactio n = k[A][B]

The rate equatio n sho ws that rate o f reactio n depends o n the rate co nstant, k, and the

co ncentratio n o f the reactants

As the rate o f reactio n increases the rate co nstant will increase

Increasing the temperature o f a reactio n increases the rate o f a chemical reactio n

Remember: this do es no t necessarily increase the yield o f a chemical reactio n depending o n

whether a reactio n is endo thermic o r exo thermic acco rding to  Le Châtelier’s principle

-2
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Therefo re, increasing the temperature also  increases the value o f the rate co nstant, k, assuming

that the co ncentratio n o f the reactants remains unchanged

An expo nential relatio nship between the rate o f reactio n and temperature is o bserved when seen

o n a graph:

Relationship between temperature and rate constant, k

The graph sho ws that the rate o f reactio n ro ughly do ubles with an increase o f 10 C

This general relatio nship do es no t apply to  all reactio ns

Also , it is no t necessarily every 10 C, the rate may do uble every 9 °C o r 11 °C

The number o f degrees needed to  do uble the rate also  changes gradually as temperature

increases

o

o
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16.1.3 Graphical Representations

Graphical Representations of Reaction Order

React ion Order Using Concent rat ion-T ime Graphs

In a z ero -o rder reactio n, the co ncentratio n o f the reactant is inversely pro po rtio nal to  time

This means that the reactant co ncentratio n decreases as time increases

The graph is a straight line go ing do wn as sho wn:

Concentration-time graph of a zero-order reaction

The gradient o f the line is the rate o f reactio n

Calculating the gradient at di�erent po ints o n the graph, will give a co nstant value fo r the rate

o f reactio n

When the o rder with respect to  a reactant is 0, a change in the co ncentratio n o f the reactant has

no  e�ect o n the rate o f the reactio n

Therefo re:

Rate = k
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This equatio n means that the gradient o f the graph is the rate o f reactio n as well as the rate

co nstant, k

In a �rst-o rder reactio n, the co ncentratio n o f the reactant decreases with time

The graph is a curve go ing do wnwards and eventually plateaus:

Concentration-time graph of a �rst-order reaction

In a seco nd-o rder reactio n, the co ncentratio n o f the reactant decreases mo re steeply with time

The co ncentratio n o f reactant decreases mo re  with increasing time co mpared to  a �rst-

o rder reactio n

The graph is a steeper curve go ing do wnwards:
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Concentration-time graph of a second-order reaction

Order of  react ion f rom half -lif e

The o rder o f a reactio n can also  be deduced fro m its half-life (t )

Fo r a z ero -o rder reactio n the successive half-lives decrease with time

This means that it wo uld take less time fo r the co ncentratio n o f reactant to  halve as the

reactio n pro gresses

The half-life o f a �rst-o rder reactio n remains co nstant thro ugho ut the reactio n

The amo unt o f time required fo r the co ncentratio n o f reactants to  halve will be the same

during the entire reactio n

Fo r a seco nd-o rder reactio n, the half-life increases with time

This means that as the reactio n is taking place, it takes mo re time fo r the co ncentratio n o f

reactants to  halve

1/2 
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Half-lives of zero, �rst and second-order reactions

Exam T ip

Make sure that yo u kno w the co rrect shapes fo r the co ncentratio n-time graphs. It can be easy to

co nfuse so me co ncentratio n-time graphs with the fo llo wing rate-co ncentratio n graphs,

particularly;

The straight line o f a z ero -o rder co ncentratio n-time graph with the straight line o f a �rst-

o rder rate-co ncentratio n graph.

The curve o f a �rst-o rder co ncentratio n-time graph with the curve o f a seco nd-o rder rate-

co ncentratio n graph.

React ion order using rat e-concent rat ion graphs

In a z ero -o rder reactio n, the rate do esn’t depend o n the co ncentratio n o f the reactant

The rate o f the reactio n therefo re remains co nstant thro ugho ut the reactio n

The graph is a ho riz o ntal line

The rate equatio n is rate = k
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Rate-concentration graph of a zero-order reaction

In a �rst-o rder reactio n, the rate is directly pro po rtio nal to  the co ncentratio n o f a reactant

The rate o f the reactio n increases as the co ncentratio n o f the reactant increases

This means that the rate o f the reactio n decreases as the co ncentratio n o f the reactant

decreases when it gets used up during the reactio n

The graph is a straight line

The rate equatio n is rate = k[A]
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Rate-concentration graph of a �rst-order reaction

In a seco nd-o rder reactio n, the rate is directly pro po rtio nal to  the square o f co ncentratio n o f a

reactant

The rate o f the reactio n increases mo re as the co ncentratio n o f the reactant increases

This means that the rate o f the reactio n decreases mo re as the co ncentratio n o f the reactant

decreases when it gets used up during the reactio n

The graph is a curved line

The rate equatio n is rate = k[A]2
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Rate-concentration graphs of a second-order reaction

Exam T ip

Careful - so metimes when asked to  co mplete calculatio ns fo r the rate co nstant, k, the exam

questio n will give yo u a graph as well as tabulated data. Do  no t igno re the graph as this

demo nstrates the o rder o f o ne o f the reactants, while the tabulated data allo ws yo u to

determine the o rder fo r the o ther reactants.
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16.1.4 Rate Determining Step

Molecularity & Rate Determining Step

Rat e-det ermining st ep & int ermediat es

A chemical reactio n can o nly go  as fast as the slo west part o f the reactio n

So , the rate-determining step is the slo west step in the reactio n

If a reactant appears in the rate-determining step, then the co ncentratio n o f that reactant will

also  appear in the rate equatio n

Fo r example, the rate equatio n fo r the reactio n belo w is rate = k[CH Br][OH ]

CH Br + OH  → CH OH + Br

This suggests that bo th CH Br and OH  take part in the slo w rate-determining step

Mo lecularity  is the number o f reactant particles that participate in the rate-determining step

T his reaction is a bimo lecular reactio n

Unimo lecular: o ne species invo lved in the rate-determining step

Bimo lecular: two  species invo lved in the rate-determining step

The intermediate is derived fro m substances that react to gether to  fo rm it in the rate-

determining step

Fo r example, fo r the reactio n abo ve the intermediate wo uld co nsist o f CH Br and OH

The intermediate formed from the species that are involved in the rate-determining step (and thus appear

in the rate equation)

Exam T ip

Intermediates do  no t feature in rate equatio ns. Instead, the chemicals required to  make the

intermediate feature in the rate equatio n

Ident if ying t he rat e-det ermining st ep

3
-

3
-

3
-

3
-

3
-
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The rate-determining step can be identi�ed fro m a rate equatio n given that the reactio n

mechanism is kno wn

Fo r example, pro pane (CH CH CH ) undergo es bro minatio n under alkaline so lutio ns

The o verall reactio n is:

CH CH CH  + Br  + OH  → CH CH CH Br + H O + Br

The reactio n mechanism is:

Reaction mechanism for the bromination of propane under alkaline conditions

The rate equatio n is:

Rate = k[CH CH CH ][OH ]

Fro m the rate equatio n, it can be deduced that o nly CH CH CH  and OH are invo lved in the rate-

determining step and no t bro mine (Br )

CH CH CH  and OH  are o nly invo lved in the �rst step o f the reactio n mechanism, therefo re the

rate-determining step is:

CH CH CH  + OH → CH CH CH  + H O

3 2 3

3 2 3 2
-

3 2 2 2
-

3 2 3
-

3 2 3
- 

2

3 2 3
-

3 2 3
-

3 2 2
-

2
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Potential Energy Level Pro�les

Single-st ep react ions

When any reacting mo lecules co llide with bo nd breaking and bo nd fo rmatio n o ccurring, the

interacting mo lecules will be in an unstable, high-energy state tempo rarily

This transitio n state  will be o f a higher energy than either the reactants o r pro ducts and

co rrespo nds to  the activatio n energy

The exo thermic reactio n o f hydro gen and io dine to  fo rm hydro gen io dide will be used to  discuss

ho w energy level diagrams relate to  the rate-determining step

The potential energy level diagram for the exothermic reaction of hydrogen and iodine

As the reactio n pro ceeds, co valent bo nds start to  fo rm between the hydro gen and io dine ato ms

fro m the hydro gen and io dine mo lecules

At the same time, the co valent bo nds within the hydro gen and io dine mo lecules gro w lo nger and

beco me weaker

This results in the transitio n state co mplex sho wn
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The transition state complex for the reaction of hydrogen and iodine

Fro m this transitio n state, the bo nds between the hydro gen and io dine ato ms can co ntinue to

gro w sho rter and stro nger resulting in the fo rmatio n o f hydro gen io dide

Alternatively, the bo nds within the hydro gen and io dine mo lecules can gro w sho rter and stro nger

which wo uld result in the fo rmatio n o f the reactants

Hydro gen io dide will o nly  fo rm if the hydro gen and io dine mo lecules co llide with kinetic energy

greater than o r equal to  the activatio n energy

The mo lecules will also  need to  co llide in the co rrect o rientatio ns

The reactio n, o r elementary, step with the greatest activatio n energy will be the rate-determining

step and can be used to  determine the rate equatio n

Mult i-st ep react ions

The exo thermic reactio n o f nitro gen dio xide and �uo rine to  fo rm nitryl �uo ride (NO F) will be

used to  relate rate equatio ns and rate-determining steps to  the energy level diagram o f a multi-

step reactio n:

2NO  (g) + F  (g) → 2NO F (g)

This reactio n is unlikely to  o ccur in a single step as that wo uld require three mo lecules to  co llide

in the co rrect o rientatio n and with su�cient kinetic energy

This is even less likely to  o ccur as all three mo lecules are gaseo us

Experimental data sho ws that the rate equatio n fo r this reactio n is:

Rate = k[NO ][F ]

One pro po sed reactio n mechanism fo r this reactio n invo lves the fo llo wing elementary steps:

Step 1: NO  + F  → NO F + F

Step 2: NO  + F → NO F

Step 1 must be the rate-determining step as it is the o nly step that has reactants matching the rate

equatio n

Therefo re, o n a po tential energy level diagram the activatio n energy fo r step 1 will be greater

than the activatio n energy fo r step 2

The transitio n state fo r this multi-step reactio n must be:

2

2 2 2

2 2

2 2 2

2 2
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NO  + NO F + F

This can be deduced using the the equatio n fo r elementary step 1 and the o verall equatio n

The o verall equatio n states that two  NO  react with o ne F

Elementary step 1 uses o ne NO  to  fo rm NO F + F

This leaves o ne NO  alo ng with NO F + F

This leads to  the fo llo wing po tential energy level diagram:

Potential energy level diagram for the formation of nitryl �uoride

Key po ints fro m the po tential energy level diagram are:

The o verall reactio n is exo thermic, as stated

The rate-determining step is the step that has the greatest activatio n energy

There is a labelled energy level fo r the transitio n state

2 2

2 2

2 2

2 2

Exam T ip

Multi-step reactio ns where the �rst elementary step is no t the rate-determining step pro ve mo re

challenging in terms o f po tential energy level diagrams. Remember that the rate-determining

step must  have the greatest activatio n energy. Do  no t co nfuse greatest with the highest! When

peo ple talk abo ut the highest they are no rmally referring to  where the activatio n energy peak is,

no t the actual value it represents
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Catalysts & Mechanisms

Ident if ying int ermediat es & cat alyst

When a rate equatio n includes a species that is no t part o f the chemical reactio n equatio n then

this species is a catalyst

Fo r example, the halo genatio n o f butano ne under acidic co nditio ns

The o verall equatio n fo r this reactio n is:

One co mmo nly accepted reactio n mechanism is:

Reaction mechanism for the halogenation of butanone under acidic conditions

The rate-determining step is the slo west step, identi�ed as step 2

Ho wever, the CH CH C(OH )CH canno t  be used in the rate equation as it is an

intermediate, not a reactant

3 2
+

3

Page 23 of 28
For more help visit our website www.exampaperspractice.co.uk



Reaction to form the intermediate found in the rate-determining step

T herefore, the CH CH COCH  and H  that form the intermediate feature in

the rate equation:

Rate = k[CH CH COCH ][H ]

The H  is no t  a reactant in the o verall chemical equatio n but it do es appear in the rate equatio n

H  must, therefo re, be a catalyst

This is also  suppo rted by the H  being used in step 1 and fo rming as a pro duct in step 2

3 2 3
+

3 2 3
+

+

+

+
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16.1.5 Mechanism Problems

Mechanism Problems

Chemical kinetics can o nly suggest  a reactio n mechanism, they canno t pro ve it

Ho wever, they can be used to  dispro ve a pro po sed mechanism

Elementary steps are the steps invo lved in a reactio n mechanism

Fo r example, in the fo llo wing general reactio n:

A + B → C + D

The elementary steps co uld invo lve the fo rmatio n o f an intermediate:

Elementary step 1: A → R + D

Elementary step 2: R + B → C

It is impo rtant that the elementary steps fo r a pro po sed mechanism agree with the o verall

sto ichio metric equatio n

Fo r example, co mbining the 2 elementary steps abo ve gives the o verall sto ichio metric

equatio n

A + R + B → R + C + D

A + B → C + D

Worked example

Sulfur dio xide reacts with o xygen to  fo rm sulfur trio xide

�. Pro po se a o ne step mechanism fo r the abo ve reactio n

�. The abo ve reactio n is catalysed by the fo rmatio n o f nitro gen dio xide fro m nitro gen

mo no xide. Pro po se a two  step mechanism fo r this reactio n.

Answers

Answer 1:

A o ne step reactio n mechanism is simply the o verall sto ichio metric equatio n

Therefo re, the co rrect answer is 2SO  + O  → 2SO

Answer 2:

2 2 3
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One o f the two  elementary steps fo r this two  step mechanism can be taken fro m the

questio n:

Elementary step 1: 2NO + O  → 2NO

The seco nd elementary step must invo lve the reactio n o f the nitro gen dio xide fo rmed with

sulfur dio xide:

Elementary step 2: NO  + SO  → NO + SO  (o r 2NO  + 2SO  → 2NO + 2SO )

Exam T ip

It is impo rtant that yo u check that the equatio ns yo u are pro po sing fo r a reactio n mechanism.

They must  add up to  the o verall sto ichio metric equatio n, o therwise the pro po sed mechanism is

wro ng.

Predict ing t he react ion mechanism

The o verall reactio n equatio n and rate equatio n can be used to  predict a po ssible reactio n

mechanism o f a reactio n

This sho ws the individual reactio n steps which are taking place

Fo r example, nitro gen dio xide (NO ) and carbo n mo no xide (CO) react to  fo rm nitro gen

mo no xide (NO) and carbo n dio xide (CO )

The o verall reactio n equatio n is:

NO  (g) + CO (g) → NO (g) + CO  (g)

The rate equatio n is:

Rate = k [NO ]

Fro m the rate equatio n, it can be co ncluded that the reactio n is z ero -o rder with respect to  CO

(g) and seco nd-o rder with respect to  NO  (g)

This means that there are two  mo lecules o f NO  (g) invo lved in the rate-determining step and

z ero  mo lecules o f CO (g)

This means that in terms o f mo lecularity, the rate determining step is bimo lecular

A po ssible reactio n mechanism co uld therefo re be:

Step 1:

   2NO  (g) → NO (g) + NO  (g) slo w (rate-determining step)

Step 2:

2 2

2 2 3 2 2 3

2

2

2 2

2
2

2

2

2 3
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   NO  (g) + CO (g) → NO  (g) + CO  (g) f ast

Overall:

 2NO  (g) + NO  (g) + CO (g) → NO (g) + NO  (g) + NO  (g) + CO  (g)

   =     NO  (g) + CO (g) → NO (g) + CO  (g)

Exam T ip

It is impo rtant that the elementary steps fo r a pro po sed mechanism also  agree with the

experimentally determined rate equatio n. The rate equatio n and the o verall reactio n must be

related, i.e. the co rrect chemical species invo lved. Remember: There is no  direct link between

the o rders in the rate equatio n and the sto ichio metry o f the o verall equatio n. Ho wever, the rate

equatio n can be derived directly fro m the rate determining step and its sto ichio metry

Predict ing t he react ion order & deducing t he rat e equat ion

The o rder o f a reactant and thus the rate equatio n can be deduced fro m a reactio n mechanism if

the rate-determining step is kno wn

Fo r example, the reactio n o f nitro gen o xide (NO) with hydro gen (H ) to  fo rm nitro gen (N ) and

water

2NO (g) + 2H  (g) → N  (g) + 2H O (l)

The reactio n mechanism fo r this reactio n is:

Step 1:

   NO (g) + NO (g) → N O (g) f ast

Step 2:

   N O  (g) + H  (g) → H O (l) + N O (g)  slo w (rate-determining step)

Step 3:

   N O (g) + H  (g) → N  (g) + H O (l)           f ast

The seco nd step in this reactio n mechanism is the rate-determining step

The rate-determining step co nsists o f:

N O  which is fo rmed fro m the reactio n o f two  NO mo lecules

One H  mo lecule

The reactio n is, therefo re, seco nd o rder with respect to  NO and �rst o rder with respect to  H

So , the rate equatio n beco mes:

3 2 2

2 3 3 2 2

2 2

2 2

2 2 2

2 2 

2 2 2 2 2
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Rate = k [NO]  [H ]

The reactio n is, therefo re, third o rder o verall

Exam T ip

Intermediates in the mechanism canno t  appear as substances in the rate equatio nThis is why yo u

substitute the N O  in the abo ve example. Step 1 sho ws that 2NO mo lecules are required to  fo rm

the necessary N O

2
2

2 2

2 2
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