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16.1.1 Rate Equations

Rate Equations

= The rate of reaction can be found by:
= Measuring the decrease in the concentration of areactant overtime

= Measuring theincrease in the concentration of a product over time

= The units forrate of reaction are moldm=3s!

Rate of Reaction

= The following general reaction will be used as an example to study the rate of reaction

D (aq)—E(aq) +F(g)

= Therate of reaction at different concentrations of Dis measured and tabulated

[D1l(mol dm=3)

Rate of reactions table

Rate (mol dm—3s-1 )

3.00 2.00 x 1073 6.67 x10°*
2.00 1.33x107° 6.67 x 107"
1.00 6.60 x10™* 6.67 x 107

= Adirectly proportional relationship between the rate of reaction and concentration of D is observed

when the results are plotted ona graph:
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D] Your notes
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Rate of reaction over various concentrations of D

= Thisleads to avery commonrate expression:
Rate «[D] or Rate=k[D]

= Thisrate expression means that if the concentration of D is doubled, then the rate doubles
= Equally, if the concentration of D halves, then the rate halves

Rate Equations

= Thefollowing reaction will be used to discuss rate equations:
A(aq)+B(aq)—C(aq)+D(9)
= Therate equationforthisreactionis:
Rate of reaction = k [A]™ [B]"

= Rate equations canonly be determined experimentally and cannot be found from the stoichiometric
equations
= [nthe above rate equation:
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= [A]land[B]are the concentrations of the reactants

= mandnareorderswithrespectto eachreactantinvolvedinthe reaction
Products and catalysts may feature inrate equations
Intermediates do not feature inrate equations

Order of reaction

The order of areactant shows how the concentration of a chemical, typically areactant, affects the
rate of reaction

Itis the powerto which the concentration of that reactantis raisedin the rate equation
The order can a positive, negative or fractional value
= Ordersthatare afraction suggest that the reaction involves multiple steps

© ExaminerTip

= |nanexam,youmay be presented withinformation about areaction that uses orders that are
fractions. Examplesinclude:

= The decomposition of ethanal - Rate = k[lCH3CHO]3/2
= Thereaction of hydrogen and bromine - Rate = k[H>][Br,]"/2
= Thereaction between carbon monoxide and chlorine - Rate = k{CO]2[Cl,]"/2

= However, for calculations only values of O, 1or 2 need to be considered

When the order of reaction with respect to a chemical is O

= Changing the concentration of the chemical has no effect on the rate of the reaction
= Therefore,itisnotincludedinthe rate equation

When the order of reaction withrespect to a chemicalis 1

= The concentration of the chemicalis directly proportional to the rate of reaction, e.g. doubling the

concentration of the chemical doubles the rate of reaction
= The chemicalisincludedinthe rate equation

When the order of reaction with respect to a chemicalis 2

= Therateisdirectly proportional to the square of the concentration of that chemical, e.g. doubling

the concentration of the chemical increases the rate of reaction by a factor of four
= The chemicalisincludedinthe rate equation (appearing as a squared term)

The overall order of reactionis the sum of the powers of the reactants in arate equation
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@ Worked example &/

The chemical equation for the thermal decomposition of dinitrogen pentoxide is: Yournotes
2N205(9) = 4NO2(g) + O2(9)

The rate equation for thisreactionis:

Rate =k[N2Os (9)]

1. State the order of the reaction with respect to dinitrogen pentoxide
2.Deduce the effect onthe rate of reaction if the concentration of dinitrogen pentoxide is tripled

Answers
Answer 1:

= Dinitrogen pentoxide featuresin the rate equation, therefore, it cannot be orderzero /O

= Thedinitrogen pentoxide is notraised to a power, which means thatit cannot be order2 /second
order

= Therefore, the orderwith respect to dinitrogen pentoxide must be order 1/ first order

Answer 2:

= Since thereactionis first order, the concentration of dinitrogen pentoxide is directly proportional
totherate

= This means thatif the concentration of the dinitrogen pentoxide is tripled, then the rate of reaction
will also triple

@ Worked example

The following equation represents the oxidation of bromide ions in acidic solution
BrOz~ (aq) + 5Br~(aq) + 6H* (ag) — 3Bra (I) + 3H0O ()
The rate equation for thisreactionis:
Rate = k[BrO3~ (ag)][Br~ (ag)l[H* (aq)]

1. State the overall order of the reaction
2.Deduce the effect on the rate of reaction if the concentration of bromate ions is doubled and the
concentration of bromideionsis halved
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Answers /

Answer1: Your notes

= Allthreereactants feature in the rate equation but they are not raised to a power, this means that
the orderwithrespect to eachreactantis order1/first order.
» The overall order of thereactionis1+1+1=3 orthird order.

Answer 2:

= Since eachreactantis first order, the concentration of eachreactantis directly proportional to the
effect thatithasonrate

= |f the concentration of the bromate ionis doubled, then the rate of reaction will also double

= |fthe concentration of the bromide ionis halved then the rate will also halve

= Therefore, thereis no overall effect on the rate of reaction - one change doubles the rate and the
otherchange halves it
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Solving Rate Equation Problems

Deducing Rate Equations
= The followingreaction will be used to deduce the rate equation, using experimental data
(CH3)3CBr + OH- — (CH3z)3COH + Br-

Table to show the experimental data of the above reaction

Initial [(CH;);CBrl / Initial [OH 1/ Initial rate of reaction/

Experiment mol dm-3 mol dm—3 mol dm-3s-1
1 1.0x1073 2.0x107 3.0x107°
2 2.0x107° 2.0x1073 6.0 x107°
3 1.0 x 1073 4.0 x1073 1.2 x1072
4 1.5 x 1072 4.0 x107° 4.5 x107°

= Toderive therate equation forareaction, you must first determine all of the orders withrespectto each
of thereactants

= This canbe done using the tabulated data provided

= Take thereactants one at atime and find the order with respect to each reactant individually

1. Identify two experiments where the concentration of one reactant changes, but the concentrations of
all otherreactants are constant

. Calculate what happens to the concentration

. Calculate what happens to the rate of reaction

.Deduce the order of reaction with respect to that chemical

.Repeat this forall of the reactants, one at a time, until you have determined the order with respect to all
reactants

a M~ NN

Order withrespect to [(CH3z)3CBr]

1. Inexperiments 1and 2, the concentration of (CHz)sCBr changes while the concentration of OH-
remains constant
2.The [(CH<)3CBr] has doubled
3.Therate of the reaction has also doubled
4.Therefore, the orderwithrespect to [(CHz)sCBrlis 1 (first order)
= [Changein concentration]o'der = changeinrate
" [z]order: 2
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» [2]'=2
Order withrespectto [OH"]
1.Inexperiments1and 3, the concentration of OH- changes while the concentration of

(CHz)3CBrremains constant

2.The [OH T has doubled
3.Therate of thereaction hasincreased by a factorof 4

4. Therefore, the order withrespect to [OH'] is2/second order

= [Changein concentration]erder = changeinrate
" [z]order: 4
« 2222

Building the rate equation

= Once the orderwithrespectto all of the reactantsis known the rate equation can be constructed
= Zeroorderreactants are notincludedinthe rate equation
= Firstorderreactants are includedin the rate equation - they do not require a power
= Secondorderreactants areincludedin the rate equation - they are raised to the power of 2

= So, forthisreaction the rate equation will be:

Rate = k [(CH3)3CBr] [OH"]?

O Examiner Tip

Examiners will often give concentration and rate data in standard form to test your mathematical
skills!Take your time because it is easy to make a mistake - the most common one is failing to notice a
factorof ten, e.g. one rate value is x10~4 while the rest are x10-3
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16.1.2 Rate Constants

Rate Constants

= Therate constant, (k), of areaction can be calculated using the initial rates and the rate equation
Calculating the rate constant from the initial rate

= Thereaction of sodium carbonate with chloride ions (from hydrochloric acid) to form sodium chloride
willbe used as an example to calculate the rate constant from the initial rate and initial concentrations
= Thereactionandrate equation are as follows:

Na,CO3(aq) + 2Cl- (aq) + 2H* (aq) — 2NaCl (aq) + CO, (g) + H,O (1)
RATE = k[Na,C0O,1(CI"]

THIS REARRANGES TO GIVE:
RATE
[Na,CO,][CL™]

ams. All Rights Reserved

Copyrigt

= The progress of the reaction can be followed by measuring the initial rates of the reaction using various
initial concentrations of eachreactant

Experimental results of concentrations & initial rates table

Initial rate

[Na,CO,] [CL] [(H" of reaction
Medasurement (mol dm™3) (mol dm™3) (mol dm™3) (mol dm=3s—1)

1 0.0250 0.0125 0.0125 4.38x107°
2 0.0375 0.0125 0.0125 6.63 x 107°
3 0.00625 0.0250 0.0250 2.19 x10°®

= Tofind therate constant (k):
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= Substitute the values of one of the experiments to find k (for example measurement 1)

~ 4.38 x 10°°
(0.0250) = (0.0125)

k=1.40x1072

= Thevalues of measurement 2 or 3 could also have beenused to find k
= They all give the sameresult of 1.40 x 1072

Calculating units

= Whenyou are asked to calculate the rate constant, k, for areaction you must also be able to deduce
the units

= Thisis done by replacing the valuesin the rearranged rate equation with the units of that value

= The units canthenbe combined orcancelled as required

= Forexample, to calculate the units for the above reaction:

(mol dm3s~1)
UNITS OF k=
(mol-dm3) (mol dm=3)

5—1

mol dm=3

-1
mol dm3s~1

Temperature and the rate constant, k

= The following general reaction and rate equation will be used to discuss the effect of temperature on
therate constant, k:

A+B—>C+D
Rate of reaction = k[A][B]

= Therate equation shows that rate of reaction depends on the rate constant, k, and the concentration
of thereactants
= Astherate of reactionincreases the rate constant willincrease

= |ncreasing the temperature of areactionincreases the rate of a chemical reaction
= Remember: this does not necessarily increase the yield of a chemical reaction depending on
whether areactionis endothermic or exothermic according to Le Chatelier’s principle

Page 10 of 29

© 2015-2024 Save My Exams, Ltd. - Revision Notes, Topic Questions, Past Papers

4

Your notes


https://www.savemyexams.com/?utm_source=pdf
https://www.savemyexams.com/

1, SaveMyExams

Head to www.savemyexams.com for more awesome resources

= Therefore,increasing the temperature also increases the value of the rate constant, k, assuming that
the concentration of the reactants remains unchanged

=  Anexponential relationship between the rate of reaction and temperature is observed when seenon a
graph:

T T T T T T T =
30 40 50 60 70 80 90 100

TEMPERATURE 7 °C

Relationship between temperature and rate constant, k

= The graph shows that the rate of reaction roughly doubles with anincrease of 10 °C

This generalrelationship does not apply to all reactions
Also, itis not necessarily every 10 °C, the rate may double every 9 °C or11°C

The number of degrees needed to double the rate also changes gradually as temperature
increases
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16.1.3 Graphical Representations /

Your notes

Graphical Representations of Reaction Order

Reaction Order Using Concentration-Time Graphs

= |nazero-orderreaction, the concentration of the reactantisinversely proportional to time
= This means that the reactant concentration decreases as time increases
= The graphis astraight line going down as shown:

(mol dm3)

CONCENTRATION OF REACTANT

TIME (s)

Concentration-time graph of a zero-order reaction

= The gradient of the lineis the rate of reaction
= Calculating the gradient at different points on the graph, will give a constant value for the rate of
reaction

= Whenthe orderwithrespecttoareactantis O, achangeinthe concentration of thereactanthasno
effect ontherate of thereaction
= Therefore:

Rate =k

= This equation means that the gradient of the graph s the rate of reaction as well as the rate constant, k
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= |nafirst-orderreaction, the concentration of the reactant decreases with time ,

= Thegraphis acurve going downwards and eventually plateaus:
Your notes

(mol dm™3)

CONCENTRATION OF REACTANT

TIME (s)

Concentration-time graph of a first-order reaction

= |nasecond-orderreaction, the concentration of the reactant decreases more steeply with time
= The concentration of reactant decreases more with increasing time compared to a first-order
reaction
= The graphis asteepercurve going downwards:
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(mol dm™3)

CONCENTRATION OF REACTANT

TIME (s)

Concentration-time graph of a second-order reaction

Order of reaction from half-life

= The orderof areaction can also be deduced fromits half-life (ti/2)
= Forazero-orderreaction the successive half-lives decrease with time
= This means thatit would take less time for the concentration of reactant to halve as the reaction
progresses

The half-life of a first-orderreaction remains constant throughout the reaction
= The amount of time required for the concentration of reactants to halve will be the same during the
entire reaction

= Forasecond-orderreaction, the half-life increases with time
= This means that as the reactionis taking place, it takes more time for the concentration of
reactants to halve
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Half-lives of zero, first and second-order reactions

O Examiner Tip

Make sure that you know the correct shapes for the concentration-time graphs. It can be easy to
confuse some concentration-time graphs with the following rate-concentration graphs, particularly;

= The straightline of a zero-order concentration-time graph with the straight line of a first-order
rate-concentration graph.

= The curve of a first-order concentration-time graph with the curve of a second-orderrate-
concentration graph.

Reaction order using rate-concentration graphs

= |nazero-orderreaction, therate doesn’t depend on the concentration of the reactant
= Therate of thereaction therefore remains constant throughout the reaction
= The graphisahorizontalline
= Therate equationisrate =k
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REACTION RATE (mol dm=3s~1)

CONCENTRATION OF REACTANT,
[A] (mol dm™)

Rate-concentration graph of a zero-order reaction

In a first-order reaction, the rate is directly proportional to the concentration of areactant

The rate of the reactionincreases as the concentration of the reactantincreases

This means that the rate of the reaction decreases as the concentration of the reactant decreases
when it gets used up during the reaction

The graphis a straightline

Therate equationisrate = k[A]
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Your notes

REACTION RATE (mol dm=3s~1)

CONCENTRATION OF REACTANT,
[A] (mol dm™)

Rate-concentration graph of a first-order reaction

= |nasecond-orderreaction, the rateis directly proportional to the square of concentration of a
reactant
= Therate of thereactionincreases more as the concentration of the reactantincreases
= This means that the rate of the reaction decreases more as the concentration of the reactant
decreases whenit gets used up during the reaction
= Thegraphisacurvedline
» Therate equationisrate = k[A]?
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REACTION RATE (mol dm=3s~1)

CONCENTRATION OF REACTANT,
[A] (mol dm™)

Rate-concentration graphs of a second-order reaction

O Examiner Tip

Careful - sometimes when asked to complete calculations for the rate constant, k, the exam question
will give you a graph as well as tabulated data. Do notignore the graph as this demonstrates the order
of one of the reactants, while the tabulated data allows you to determine the order for the other
reactants.
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16.1.4 Rate Determining Step 4

Your notes

Molecularity & Rate Determining Step

Rate-determining step & intermediates

= Achemicalreaction canonly go as fast as the slowest part of the reaction
= So, therate-determining step is the slowest step in the reaction

= |fareactantappearsintherate-determining step, then the concentration of that reactant will also
appearin the rate equation
= Forexample, therate equation for the reaction below s rate = k[CHzBr][OH"]

CH3Br +OH- —)CH3OH +Br-

= This suggests that both CHzBrand OH"take partin the slow rate-determining step
= Molecularity is the number of reactant particles that participate in the rate-determining step

= Thisreactionis a bimolecular reaction
= Unimolecular: one speciesinvolvedin the rate-determining step
= Bimolecular: two species involved in the rate-determining step

= Theintermediate is derived from substances that react togetherto formitin the rate-determining step
= Forexample, for the reaction above the intermediate would consist of CHzBrand OH-

H
Ho—?lt—Br

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

O Examiner Tip

Intermediates do not feature inrate equations. Instead, the chemicals required to make the
intermediate feature in the rate equation

Identifying the rate-determining step
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= Therate-determining step can be identified from arate equation given that the reaction mechanismis ,
known
= Forexample, propane (CHzCH,CHz) undergoes bromination under alkaline solutions Your notes

= The overallreactionis:
CH3zCH>CH3 + Br + OH~ — CH3CH,CH2Br + H,0 + Br-

= Thereactionmechanismis:

H H H H H H

A W .. LT RATE
H—C—C—C—H + OH" ——> H—C—C—C: + H,0O |DETERMINING

I [ STEP

H H H H H H

H H H H H H

|1 FAST ]
H=C—C=Ci + B, ———> H—C—C—C—Br + Br

H H H H H H

1-BROMOPROPANE

Reaction mechanism for the bromination of propane under alkaline conditions

= Therate equationis:
Rate = k[CH3CH,CH3][OH"]

= Fromtherate equation, it can be deduced that only CHzCH,CHzand OH"are involved in the rate-
determining step and not bromine (Br,)
= CH3CH,CHzand OH" are only involved in the first step of the reaction mechanism, therefore the rate-
determining stepiis:
= CH3zCH,CHz+ OH~— CH3CH,CH,~ +H,O
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Potential Energy Level Profiles /

. . Your notes
Single-step reactions
= When any reacting molecules collide with bond breaking and bond formation occurring, the
interacting molecules will be in an unstable, high-energy state temporarily
= This transition state will be of a higher energy than either the reactants or products and
corresponds to the activation energy

= The exothermicreaction of hydrogen andiodine to form hydrogeniodide will be used to discuss how
energy level diagramsrelate to the rate-determining step

TRANSITION STATE

N H----H
I |
I----T
>
V]
o
w PRODUCTS
i} 2H-I
e Eq
[
prd
(NN
=
(@]
o [ REACTANTS
H-H AND I-T /
~
P

PROGRESS OF REACTION

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

= Asthereactionproceeds, covalent bonds start to form between the hydrogen andiodine atoms from
the hydrogen andiodine molecules

= Atthe same time, the covalent bonds within the hydrogen and iodine molecules grow longer and
become weaker

= Thisresultsinthe transition state complex shown
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H----H

I----1

The transition state complex for the reaction of hydrogen and iodine

From this transition state, the bonds between the hydrogen and iodine atoms can continue to grow
shorterand strongerresulting in the formation of hydrogeniodide
Alternatively, the bonds within the hydrogen and iodine molecules can grow shorter and stronger which
would resultin the formation of the reactants
Hydrogeniodide will only formif the hydrogen and iodine molecules collide with kinetic energy greater
than orequal to the activation energy

= The moleculeswill also need to collide in the correct orientations

The reaction, or elementary, step with the greatest activation energy will be the rate-determining step
and can be used to determine the rate equation

Multi-step reactions

The exothermic reaction of nitrogen dioxide and fluorine to form nitryl fluoride (NO2F) will be used to
relate rate equations and rate-determining steps to the energy level diagram of a multi-step reaction:

2NO3 (9) + F2(g) = 2NO2F (9)

This reactionis unlikely to occurin a single step as that would require three molecules to collide in the
correct orientation and with sufficient kinetic energy
= Thisisevenlesslikely to occuras all three molecules are gaseous

Experimental data shows that the rate equation for thisreactionis:

Rate = k[NO>][F>]

One proposed reaction mechanism for this reactioninvolves the following elementary steps:
= Step1:NO3 +F, —>NOyF +F
= Step2:NO; + F—>NOyF

Step Tmust be the rate-determining step as itis the only step that has reactants matching the rate
equation
= Therefore, on apotential energy level diagram the activation energy for step 1will be greater than
the activation energy for step 2
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= The transition state for this multi-step reaction must be: ,

NO2 + NOzF +F Your notes

= This canbe deduced using the the equation for elementary step 1and the overall equation
= The overall equation states that two NO, react withone F;
= Elementary step Tusesone NO; to form NOoF + F
= Thisleaves one NOj alongwithNO2F + F

= Thisleadsto the following potential energy level diagram:

N\
TRANSITION
STATE
G Eq, \NO,+NO,F +F
; REACTANTS
S| 2NO,+F, \
2 -V PRODUCTS
- 2NO,F
=
L
-
@]
2l
~
—~

PROGRESS OF REACTION

Potential energy level diagram for the formation of nitryl fluoride

= Key points from the potential energy level diagram are:
= Theoverallreactionis exothermic, as stated
= Therate-determining stepis the step that has the greatest activation energy
= Thereisalabelled energy level forthe transition state
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O Examiner Tip /

. . . . Your notes
Multi-step reactions where the first elementary step is not the rate-determining step prove more

challengingin terms of potential energy level diagrams. Remember that the rate-determining step

must have the greatest activation energy. Do not confuse greatest with the highest! When people talk

about the highest they are normally referring to where the activation energy peak s, not the actual
valueitrepresents
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Catalysts & Mechanisms

Identifying intermediates & catalyst

= \Whenarate equationincludes a species that is not part of the chemical reaction equation then this
speciesis a catalyst

= Forexample, the halogenation of butanone under acidic conditions

= The overallequationforthisreactionis:

+

H
CH,CH,COCH, + |, ———> CH,CH,COCH,I + HI

= One commonly acceptedreaction mechanismis:

0 *OH
I FAST I

CH;—CH,—C—CH; + H" == CH;—CH,—C—CH;

"OH OH
SLOW |

I
CHs—CH,—C—CH; —> CH;—CH,—C=CH, + H’

OH "OH
I FAST [ _
CHy—CH,—C=CH, + T, —> CH,—CH,—C—CH,T + T

*OH O
FAST I

I
STEP 4| CH;—CH,—C—CH,I +I == CH;—CH,—C—CH,I + HI
Reaction mechanism for the halogenation of butanone under acidic conditions

= Therate-determining stepis the slowest step, identified as step 2
= However, the CH;CH,C(OH*)CHjscannot be usedin the rate equationasitis an
intermediate, not areactant

Page 25 of 29

©2015-2024 Save My Exams, Ltd. - Revision Notes, Topic Questions, Past Papers

4

Your notes


https://www.savemyexams.com/?utm_source=pdf
https://www.savemyexams.com/

1, SaveMyExams

Head to www.savemyexams.com for more awesome resources

0 *OH /

Il . Il Your notes
INTERMEDIATE

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

= Therefore, the CH;CH,COCHs;and H*that form the intermediate featurein
the rate equation:
Rate = kK[CH3CH,COCH3][H*]

= TheH*isnotareactantinthe overall chemical equation butit does appearinthe rate equation
= H*must, therefore, be a catalyst
= Thisis also supported by the H" being usedin step 1and forming as a productin step 2
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16.1.5 Mechanism Problems /

Your notes

Mechanism Problems
= Chemical kinetics can only suggest a reaction mechanism, they cannot prove it
= However, they canbe used to disprove a proposed mechanism

= Elementary steps are the stepsinvolvedin areaction mechanism
= Forexample, inthe following general reaction:

A+B—->C+D
= The elementary steps could involve the formation of anintermediate:
Elementary step1: A—>R+D
Elementary step2:R+B—C

= [tisimportant that the elementary steps for a proposed mechanism agree with the overall
stoichiometric equation
= Forexample, combining the 2 elementary steps above gives the overall stoichiometric equation

A+R+B—-R+C+D

A+B—>C+D

@ Worked example
Sulfur dioxide reacts with oxygen to form sulfur trioxide

1. Propose a one step mechanism for the above reaction
2.The above reactionis catalysed by the formation of nitrogen dioxide from nitrogen monoxide.
Propose a two step mechanism for this reaction.

Answers
Answer 1:

= Aone stepreaction mechanismis simply the overall stoichiometric equation
= Therefore, the correct answeris 250, + O, —2S0O3

Answer 2:
= One of the two elementary steps for this two step mechanism can be taken from the question:

Elementary step 1: 2NO + O, — 2NO,
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= The second elementary step must involve the reaction of the nitrogen dioxide formed with sulfur
dioxide:

Elementary step 2: NO2 + SO - NO + SOz (or 2NO2 + 2507 — 2NO + 2S03)

O Examiner Tip

Itisimportant that you check that the equations you are proposing for areaction mechanism. They
must add up to the overall stoichiometric equation, otherwise the proposed mechanismis wrong.

Predicting the reaction mechanism

The overall reaction equation and rate equation can be used to predict a possible reaction mechanism
of areaction
= This shows theindividual reaction steps which are taking place

Forexample, nitrogen dioxide (NO,) and carbon monoxide (CO) react to form nitrogen monoxide (NO)
and carbon dioxide (CO»)
= The overallreaction equationis:

NO; (g) + CO (g) > NO (g) + CO2(9)
= Therate equationis:
Rate = k [NO,]2

From the rate equation, it can be concluded that the reactionis zero-order with respect to CO (g) and
second-orderwithrespect to NO2(g)
This means that there are two molecules of NO5 (g) involved in the rate-determining step and zero
molecules of CO(Q)

= This means thatin terms of molecularity, the rate determining step is bimolecular

A possible reaction mechanism could therefore be:
Step1:
2NO;(g) = NO (g) + NOz(g) slow (rate-determining step)
Step 2:
NO3z(g) + CO (g) »NO2(g) + CO2(g) fast
Overall:
2NO2 (9) + NO3ztg) + CO (g9) — NO (g) + NOztg}) + NO2tg)+ CO2(9)

= NO3(g) + CO(g) »NO(g) + CO2(g)
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O Examiner Tip

Itisimportant that the elementary steps for a proposed mechanism also agree with the experimentally
determined rate equation. The rate equation and the overall reaction must be related, i.e. the correct
chemical speciesinvolved. Remember: There is no direct link between the orders in the rate equation
and the stoichiometry of the overall equation. However, the rate equation can be derived directly from
the rate determining step and its stoichiometry

Predicting the reaction order & deducing the rate equation

The order of areactant and thus the rate equation can be deduced from areaction mechanismif the
rate-determining step is known

Forexample, the reaction of nitrogen oxide (NO) with hydrogen (H5) to form nitrogen (N2) and water
2NO (g) + 2H2 (9) > N2(g) + 2H20 (1)
The reaction mechanism for this reactionis:
Step1:
NO (g) + NO (g9) —N202(9) fast
Step 2:
N2032(g) + H2(g) = H20 (I) + N2O (g) slow (rate-determining step)
Step 3:
N20 (g) + H2(9) > N2(g) + H20 (1) fast

The second step in this reaction mechanism is the rate-determining step
The rate-determining step consists of:

= NyOswhichis formed from the reaction of two NO molecules

= OneH; molecule

Thereactionis, therefore, second order with respect to NO and first order with respect to Hy
So, therate equation becomes:

Rate = k [NO]? [H,]

Thereactionis, therefore, third order overall

O Examiner Tip

Intermediates in the mechanism cannot appear as substances in the rate equationThis is why you
substitute the N,O, in the above example. Step 1shows that 2NO molecules are required to form the
necessary NoO»
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