
Question: State,with explanation,whichdiagramcorrespondsto ka � kb.

Assuming1storderreactionsfor bothof thetwo steps,it is possibleto solvetherate
equationsanalytically,∗ whichgives































[A]t = [A]0e
−kat

[B]t =
ka

ka − kb

(−e−kat + e−kbt)[A]0

[C]t =

(

1 +
1

ka − kb

(kbe
−kat

− kae
−kbt)

)

[A]0

Themathematicalderivation isfar beyondtheassumedlevel of this course.Thereason
for showing theseequationsis becausetheformulafor [C]t is usefulto demonstratethe

∗ Therateequationsfor this schemeare:

dA

dt
= −kaA,

dB

dt
= kaA − kbB,

dC

dt
= kbB

Thefirst equation for A(t) is thesameaswhatwehaveseenpreviously in Sec3.1.2.Weput thesolution
A(t) = A(0)e−kat in the secondequation. This yields an ordinarydifferentialequationfor B(t), for
which thesolutionmethodis well established(thoughwe have no spaceto expandit here).C(t) canbe
obtainedfrom a relationA(t) + B(t) + C(t) = constant= A(0), which describestheconservationof
grossmaterials.
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conceptof rate-determining step, aswill bediscussednext.

4.4 Rate-determining process

The above formula for [C]t canbe simplified in two limiting caseswhereoneof the
rate constantsis much larger than the other. For example,when ka � kb, we find
e−kat

� e−kbt and1/(ka − kb) ' 1/ka. Therefore,[C]t canbesimplifiedas

[C]t ' (1 − e−kbt)[A]0

This meansthat thebehaviour of [C]t is determinedby the rateconstantof theslower
stepkb.

Question: Showthatwhenka � kb,

[C]t ' (1 − e−kat)[A]0

In this way, the slower stepdeterminesthe overall rateof the productformation.
This is called the Rate-determining or Rate-limiting step. The idea is straightfor-
wardly generalizedfor reactionsinvolving more than two steps,i.e., more than one
intermediatesI1, I2, · · · , involvedbetweenthereactantR andproductP:

R → I1 → I2 → · · · → P

5 Steady-state approximation

It is seenin the right panelof the previous diagramthat the concentrationof B does
not changemuchbut stayslow andnearlyconstant,andtherefored[B]/dt ' 0, when
kb � ka, i.e., whenthis intermediatespecieis highly reactive. This suggestsa very
usefulandpowerful methodcalledthesteady-state approximation.

Recipe of the Steady-State Approximation

1. Identify reactive intermediates,I1, I2, · · · , in themechanism

2. Write down
d[Ii]

dt
from theassumedmechanism.

3. Set
d[Ii]

dt
= 0 andsolve for [Ii]. (Thesolution will bedenotedby [Ii]ss.)

4. Deduce,andsimplify if possible,theratelaw by using[Ii]ss.
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5.1 Application

Let usseehow thesteady-stateapproximationworksfor thefollowing scheme

A
kf ,kb

⇀↽ B
kr
→ P (49)

which hasbeenexaminedpreviously by invoking the pre-equilibriumapproximation.
The critical assumptiontherewas the reactionfrom B to P is very slow suchthat it
doesnot disturbvery muchthe equilibrium betweenA andB. We will now relax this
assumption.To this end,let usfollow therecipeof thesteady-stateapproximation.As
before,wewill assumethatall thestepskf , kb andkr are1storder.

1. We identify B asthereactive intermediate.

2. Noting thatB is gainedby kf andlostby kb andkr steps,

d[B]

dt
= kf [A] − kb[B] − kr[B]

3. Settheabove to beequalto zero,andsolve for [B].

kf [A] − kb[B] − kr[B] ' 0 ⇒ [B]ss =
kf

kb + kr

[A]

4. Theoverall reactionrateis thatof theproductformationdescribedby thekr step.
Wewrite down thisequationandthenreplace[B] by [B] ss.

Rate=
d[P]

dt
= kr[B] ' kr[B]ss =

krkf

kb + kr

[A] (50)

Comparethiswith theresultfrom thepre-equilibriumassumption,Eq (45):

Rate(pre-Eq)' krK[A] =
krkf

kb

[A]

Thedifferenceis in thedenominatorof theratefactor. Rememberthatthefundamental
assumptionin thepre-equilibriumcasewaskr � kb. This meansthatthedenominator
in Eq (50) may be approximatedas kb + kr ' kb. We thereforefind that the pre-
equilibriumapproximationEq (45) is reproducedasa limiting caseof thesteady-state
approximationEq(50). In otherwords,thesteady-stateapproximationgeneralizes,and
thereforecoversbroaderapplicabilitythan,thepre-equilibriumapproximation.
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