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CHAPTER 3 –RATE LAWS AND 
STOICHIOMETRY

2



Success is measured not so much by 
the position one has reached in life, 
as by the obstacles one has overcome 
while trying to succeed.

Booker T. Washington
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Learning Outcomes

• After completing chapter 3, you will be able to 
• write the relationship between the relative rates of 

reaction.

• write a rate law and define reaction order and 
activation energy. 

• set up a stoichiometric table for both batch and flow 
systems and express concentration as a function of 
conversion. 

• write −𝑟𝐴 solely as a function of conversion, for both 
liquid-phase and gas-phase reacting systems, given the 
rate law and then entering concentration.

• calculate the equilibrium conversion for both gas and 
liquid phase reactions. 
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CRE Algorithm

• Building Block 1 -

• Size CSTRs and PFRs given – 𝑟𝐴 = 𝑓(𝑋)

• Conversion for Reactors in Series

• Building Block 2 -

• Reaction Orders

• Arrhenius Equation

• Activation Energy

• Effect of Temperature
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Mole Balance

Rate Laws

Stoichiometry

Isothermal Design

Heat Effects



Reactor Mole Balances Summary
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Reactor Differential Algebric Integral

The GMBE applied to the four major reactor types 
(and the general reaction A→B)
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• Consider the generic reaction:
𝑎𝐴 + 𝑏𝐵 𝑐𝐶 + 𝑑𝐷

• Choose limiting reactant A as basis of 
calculation:

𝐴 +
𝑏

𝑎
𝐵

𝑐

𝑎
𝐶 +

𝑑

𝑎
𝐷

• Define conversion, 𝑋𝐴: the number of moles of A 
that have reacted per mole of A fed to the 
system

𝑿𝑨 =
𝒎𝒐𝒍𝒆𝒔 𝑨 𝒓𝒆𝒂𝒄𝒕𝒆𝒅

𝒎𝒐𝒍𝒆𝒔 𝑨 𝒇𝒆𝒅

Definition of Conversion
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Reactor Mole Balances Summary
in terms of conversion, X
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Reactor Differential Algebraic Integral
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Levenspiel Plots
Review Chapter 2



Reactors in Series
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reactorfirst   tofedA  of moles

ipoint   toup reactedA  of moles
X i =

Only valid if there are no side streams

Review Chapter 2
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Reactors in Series
Review Chapter 2



• Space time 𝝉 is the time 
necessary to process one 
reactor volume of fluid 
at entrance conditions.

 

 =
V

0

Space Time,  Space Velocity
• 𝑆𝑉 ≡

𝑣0

𝑉
𝑆𝑉 =

1

𝜏

• liquid-hourly space 
velocity, LHSV 𝐿𝐻𝑆𝑉

=
𝑣0|𝑙𝑖𝑞𝑢𝑖𝑑

𝑉

• gas-hourly space 
velocity, GHSV

𝐺𝐻𝑆𝑉 =
𝑣0|𝑆𝑇𝑃

𝑉
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Expressing other Components 
Conversion in Terms of  𝑋𝐴

D 
a

d
  C 

a

c
 B 

a

b
 A +⎯→⎯+

BATCH
SYSTEM:

Longer reactant is in reactor, more reactant is converted to product 
(until reactant is consumed or the reaction reaches equilibrium)
∴ Conversion (Xj) is a function of time (t) in the batch reactor

  A0A0AA XN    N    N −=

Moles A in 
reactor at time t

=
Moles 
A fed

-
Moles A 

consumed

( )A0AA X 1NN −=→

( )A0A0BB X N
a

b
NN −= ( )A0A0CC X N

a

c
NN +=

( )A0A0DD X N
a

d
NN += ( )component inert   NN 0II =

reactant product

fed A moles

 reacted A moles
 XA 
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Types of Reactions

• Homogeneous reaction = involves only one phase. 

• Heterogeneous reaction = involves more than one 
phase, and the reaction usually occurs at the 
interface between the phases. 

• An irreversible reaction = proceeds in only one 
direction and continues in that direction until the 
reactants are exhausted. 

• A reversible reaction = can proceed in either 
direction, depending on the concentrations of 
reactants and products relative to the corresponding 
equilibrium concentrations.
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Molecularity of Reaction

• The molecularity of a reaction is the number of 
atoms, ions, or molecule involved (colliding) in a 
reaction step. 

• The terms unimolecular, bimolecular and 
termolecular refer to reactions involving, 
respectively, one, two, or three atoms (or 
molecules) interacting or colliding in any one 
reaction step. 

• Most common unimolecular reaction example:
15



Molecularity of Reaction

• The true bimolecular reactions that exist are 
reactions involving free radical, such as

• Probability of a termolecular reaction occurring is 
almost nonexistent, and in most instances the 
reaction pathway follows a series of bimolecular 
reactions as in the case of the reaction
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Building Block 2
Rate Laws

• Rate law (kinetic expression): 

• the algebraic equation that relates −𝒓𝑨

to the species concentrations is 

• Power Law Model:
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
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Building Block 2
Rate Laws

• A reaction follows an elementary rate law if the 

reaction orders just happens to agree with the 

stoichiometric coefficients for the reaction as written.

• e.g. If the above reaction follows an elementary 

rate law

• 2nd order in A, 1st order in B, overall 3rd order

• Rate Laws are determined by experimental 

observation
18

C3BA2 →+

BAAA CCkr 2=−



Building Block 2
Rate Laws

19

• Rate Laws could be non-elementary.  

• For example, reaction could be:

• Second Order in A

• Zero Order in B

• Overall Second Order

2

A A Ar k C− =

2

B B Ar k C− =

2

C C Ar k C=

C3BA2 →+
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Relative Rates of Reaction
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Relative Rates of Reaction

Given

Then 
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Reversible Elementary Reaction
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Reversible Elementary Reaction
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Reaction is: First Order in A
Second Order in B
Overall third Order
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The Reaction Rate Constant

• The quantity 𝒌 is referred to as either the specific reaction 
rate or the reaction rate constant. 

• The rate constant 𝒌 is not truly a constant; it is merely 
independent of the concentrations of the species involved 
in the reaction. 

• It is almost always strongly dependent on temperature. 
• It depends on whether or not a catalyst is present, and in 

gas-phase reactions, it may be a function of total pressure. 
• ln liquid systems it can also be a function of other 

parameters, such as ionic strength and choice of solvent. 
• These other variables normally exhibit much less effect 

on the specific reaction rate than temperature does with 
the exception of supercritical solvents, such as super 
critical water.
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Arrhenius Equation
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RTEAek −=

k is the specific reaction rate (constant) and is 

given by the Arrhenius Equation, where:

 

T →  k → A

T →0  k →0

A 1013

k

T



Arrhenius Equation
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where:
E = Activation energy (cal/mol)

R = Gas constant (cal/mol*K)

T = Temperature (K)

A = Frequency factor (same units as rate constant k)

(units of A, and k, depend on overall reaction order)



Reaction Coordinates

• The activation energy can be thought of as a 
barrier to energy transfer (from the kinetic 
energy to the potential energy) between 
reacting molecules that must be overcome.

• One way to view the barrier to a reaction is 
through the reaction coordinates.

• These coordinates denote the energy of the 
system as a function of progress along the 
reaction path as we go from reactants to an 
intermediate to products. 28



Reaction Coordinates

29

For the reaction:

CABCBABCA +→+ ::::::

The reaction coordinate is:



Why is there an Activation Energy?

• For the reaction to occur, the reactants must 

overcome an energy barrier (activation energy, 

EA). In order to react,

1. The molecules need energy to disort or stretch 

their bonds in order to break them and thus 

form new bonds

2. As the reacting molecules come close together, 

they must overcome both stearic and electron 

repulsion forces. 30



Why is there an Activation Energy?

• One can also view the activation energy in terms of 

collision theory. 

• By increasing the temperature, we increase the 

kinetic energy of the reactant molecules. 

• This kinetic energy can in turn be transferred 

through molecular collisions to internal energy to 

increase the stretching and bending of the bonds, 

causing them to reach an activated state, vulnerable 

to bond breaking and reaction.
31



Why is there an Activation Energy?

• The energy of the individual molecules falls within a 
distribution of energies where some molecules have 
more energy than others. 

• 𝑓(𝐸, 𝑇) = the energy distribution function for the kinetic 
energies of the reacting molecules. 

• 𝑓. 𝑑𝐸 = the fraction of molecules that have an energy 
between 𝐸 and (𝐸 + 𝑑𝐸). 
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Why is there an Activation Energy?

• The activation energy has been equated with a 
minimum energy that must be possessed by 
reacting molecules before the reaction will occur. 

• The fraction of the reacting molecules that have 
an energy 𝐸𝐴 or greater is shown by the shaded 
areas.

• The molecules in the shaded area have sufficient 
kinetic energy to cause the bond to break and 
reaction to occur.
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Why is there an Activation Energy?
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Algorithm

35

( )iA Cgr =−Step 1: Rate Law 

( ) ( )XhCi =Step 2: Stoichiometry

( )XfrA =−Step 3: Combine to get 

How to find ( )XfrA =−



CRE Algorithm

• Building Block 1 -

• Size CSTRs and PFRs given – 𝑟𝐴 = 𝑓(𝑋)

• Building Block 2 

• Reaction Orders

• Arrhenius Equation

• Building Block 3 -

• Stoichiometric Table

• Definitions of Concentration

• Calculate the Equilibrium Conversion
36

Mole Balance

Rate Laws

Stoichiometry

Isothermal Design

Heat Effects



Algorithm
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( )iA Cgr =−Step 1: Rate Law 

( ) ( )XhCi =Step 2: Stoichiometry

( )XfrA =−Step 3: Combine to get 

How to find ( )XfrA =−



Building Block 3: 
Stoichiometry

• We shall set up Stoichiometry Tables using species A

as our basis of calculation in the following reaction.

• We will use the stoichiometric tables to express the

concentration as a function of conversion.

• We will combine Ci = f(X) with the appropriate rate

law to obtain -rA = f(X).

A is the limiting reactant.
38
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Stoichiometry
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 

NA = NA0 − NA 0X

 

NB = NB 0 −
b

a
NA 0 = NA 0

NB 0

NA 0

−
b

a
X

 

 
 

 

 
 

For every mole of A that reacts, b/a moles of B react. 
Therefore moles of B remaining:

Let   Θ𝐵 =

𝑁
𝐵0

𝑁
𝐴0

Then:









−= X

a

b
NN BAB 0

 

NC = NC 0 +
c

a
NA 0X = NA 0 C +

c

a
X

 

 
 

 

 
 



Batch  System 
Stoichiometry Table
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Species Symbol Initial Change Remaining

B B NB0=NA0ΘB −
𝑏

𝑎
𝑁𝐴0𝑋 𝑁𝐵 = 𝑁𝐴0 Θ𝐵 −

𝑏

𝑎
𝑋

A A NA0 -NA0X NA=NA0(1-X)

Inert I NI0=NA0ΘI ---------- NI=NA0ΘI

NT0 NT=NT0+δNA0X

where:
0

0

0

0

00

00

0

0

A

i

A

i

A

i

A

i
i

y

y

C

C

C

C

N

N
====




1−−+=

a

b

a

c

a

d
and

C C NC0=NA0ΘC +
𝑐

𝑎
𝑁𝐴0𝑋 𝑁𝐶 = 𝑁𝐴0 Θ𝐶 +

𝑐

𝑎
𝑋

D D ND0=NA0ΘD +
𝑑

𝑎
𝑁𝐴0𝑋 𝑁𝐷 = 𝑁𝐴0(

Θ𝐷 +
𝑑

𝑎
𝑋)

δ = change in total number of mol per mol A reacted



Stoichiometry Constant Volume 
Batch System

41

Note: If the reaction occurs in the liquid phase
or

if a gas phase reaction occurs in a rigid (e.g. steel) batch 
reactor

 

V =V0
Then

 

CA =
NA

V
=

NA 0 1− X( )
V0

= CA 0 1− X( )

 

CB =
NB

V
=

NA 0

V0

B −
b

a
X

 

 
 

 

 
 = CA 0 B −

b

a
X

 

 
 

 

 
 



Stoichiometry Constant Volume 
Batch System
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Suppose

 

−rA = kACA

2CB

Batch:
0VV =

( ) 







−−=− X

a

b
XCkr BAAA

23

0 1

Equimolar feed: 1=B

Stoichiometric feed:
a

b
B =

D
a

d
C

a

c
B

a

b
A +→+



Stoichiometry Constant Volume 
Batch System
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 

−rA = f X( )and we have

If
BAAA CCkr 2=− , then

( ) 







−−=− X

a

b
XCr BAA

23

0 1 Constant Volume Batch

Ar−

1

X



Batch Reactor - Equilibrium 
Conversion - Example

44

Consider the following elementary reaction with 
KC=20 dm3/mol and CA0 = 0.2 mol/dm3. 
Find Xe for a constant volume batch reactor.

Calculate the equilibrium conversion for gas 
phase reaction, Xe.









−=−

C

B2

AAA
K

C
Ckr

BA2 



Batch Reactor - Example
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Step 1:

 

dX

dt
=

−rAV

NA 0

3

0  2.0 dmmolCA =

moldmKC

3 20=

Step 2: rate law: 
BB

2

AAA CkCkr −=−

Calculate 𝑋𝑒

B

A
C

k

k
K =









−=−

C

B
AAA

K

C
Ckr

2

BA2 



Batch Reactor - Example
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Symbol Initial Change Remaining

B 0 ½ NA0X NA0 X/2

A NA0 -NA0X NA0(1-X)

Totals: NT0=NA0 NT=NA0 -NA0 X/2

@ equilibrium:   −𝑟𝐴 = 0
C

Be
Ae

K

C
C −= 20

( )eA
Ae

Ae XC
V

N
C −== 10

2
0

e
ABe

X
CC =

0VV =
2/BA →Stoichiometry:

Constant Volume:



Batch Reactor - Example
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( )  ( )2

e0A

e

2

e0A

e
0A

e
X1C2

X

X1C

2

X
C

K
−

=
−

=

( )
( )( ) 82.0202

X1

X
CK2

2

e

e
0Ae ==

−
=

 

Xeb = 0.703

 

Ke =
CBe

CAe

2



Flow System –
Stoichiometry Table

48

A A FA0
−𝑭𝑨𝟎𝑿 FA=FA0(1-X)

Species Symbol Reactor Feed Change Reactor Effluent

B B FB0=FA0ΘB −
𝒃

𝒂
𝑭𝑨𝟎𝑿 𝑭𝑩 = 𝑭𝑨𝟎 𝚯𝑩 −

𝒃

𝒂
𝑿

 

i =
Fi0

FA 0

=
Ci00

CA 00

=
Ci0

CA 0

=
y i0

yA 0

Where:



Flow System –
Stoichiometry Table

49

Species Symbol Reactor Feed Change Reactor Effluent

0A

0i

0A

0i

00A

00i

0A

0i
i

y

y

C

C

C

C

F

F
==




==Where:

Inert I FI0=A0ΘI ---------- FI=FA0ΘI

FT0 FT=FT0+δFA0X

C C FC0=FA0ΘC +
𝒄

𝒂
𝑭𝑨𝟎𝑿 𝑭𝑪 = 𝑭𝑨𝟎 𝚯𝑪 +

𝒄

𝒂
𝑿

D D FD0=FA0ΘD +
𝒅

𝒂
𝑭𝑨𝟎𝑿 𝑭𝑫 = 𝑭𝑨𝟎 𝚯𝑫 +

𝒅

𝒂
𝑿

1
a

b

a

c

a

d
−−+=and


= A

A

F
CConcentration – Flow System
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Stoichiometry


= A

A

F
CConcentration Flow System:

0=Liquid Phase Flow System:

 

CA =
FA


=

FA 0 1− X( )
0

= CA 0 1− X( )

 

CB =
NB


=

NA 0

0

B −
b

a
X

 

 
 

 

 
 = CA 0 B −

b

a
X

 

 
 

 

 
 



Liquid Systems
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BAA CkCr =−If the rate of reaction were

( ) 







−−=− X

a

b
XCr BAA 1

2

0then we would have

( )XfrA =−This gives us 

A

A

r

F

−

0

 

X
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Stoichiometry for
Gas Phase Flow Systems

4 mol of reactants gives 2 mol of product.

➔ the molar flow rate will be 
changing as the reaction progresses.

Because equal numbers of moles 
occupy equal volumes in the gas phase at 
the same temperature and pressure. 
➔ the volumetric flow rate will also change.



We obtain:

0

0

0

0
T

T

P

P

F

F

T

T =

Combining the compressibility factor 

equation of state with Z = Z0

000

000

0
0





TT

TT

T

T

CF

CF

TRZ

P
C

ZRT

P
C

=

=

=

=Stoichiometry:
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Stoichiometry for
Gas Phase Flow Systems
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Stoichiometry for
Gas Phase Flow Systems

0 0 0

0 0 0

0

0

TA A
A A

TT

T F TF FP P
C F

P T F P TF

F






      
= = =      

        
 
 



























=

T

T

P

P

F

F
CC

T

B
TB

0

0

0

000 TT FC =Since                        , 

0
0

0

A
A A T

T

TF P
C F C

F P T


  
= =   

  

Using the same method, 



δXFFF A0T0T +=The total molar flow rate is:
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Stoichiometry for
Gas Phase Flow Systems

0 0 0 0 0
0 0

0 0 0 0

1T A A

T T

F F X P F PT T
X

F T P F T P


   

   +
= = +   

   

0 0 0 0 0
0 0

0 0 0 0

1T A A

T T

F F X P F PT T
X

F T P F T P


   

   +
= = +   

   

Substituting 𝐹𝑇 gives:
0

0

0

0
T

T

P

P

F

F

T

T =

Where 𝜀 = 𝑦𝐴0𝛿



Gas Phase Flow System:

Concentration Flow System:

( )

( )
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For Gas Phase Flow Systems
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where

1

change in total number of moles

mole of A reacted

d c b

a a a




= + − −

=

0
0

0

1

change in total number of moles for complete conversion

total number of moles fed to the reactor

A
A

T

Fd c b
y

a a a F
 



 
= + − − = 

 

=

 0Ay=

For Gas Phase Flow Systems



Equilibrium Conversion (𝑿𝒆𝒇) for 
Gas Phase Flow Reaction System

Example: 

• Consider the following elementary reaction 
where

𝐾𝐶 = 20 dm3/mol and 𝐶𝐴0 = 0.2 mol/dm3. 

• Calculate Equilibrium Conversion for an 
isothermal isobaric flow reactor (𝑿𝒆𝒇).
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Gas Flow Example (𝑿𝒆𝒇)

 

2A B

B
2

1
A →

 

X ef = ?

Rate Law:

Stoichiometry









−=−

C

B
AAA

K

C
Ckr 2

Solution:
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Stoichiometry: Gas isothermal 𝑇 = 𝑇0

Gas isobaric 𝑃 = 𝑃0

( )0 1 X  = +

( )

( )

( )

( )
0 0

0

1 1

1 1

A A

A

F X C X
C

X X  

− −
= =

+ +

Gas Flow Example (𝑿𝒆𝒇)

Species Feed Change Effluent

A FA0 ‒ FA0X FA = FA0(1‒X)

B 0 + FA0X/2 FB = FA0X/2

Total FT0=FA0 FT = FA0 ‒ FA0X/2

( ) ( )X

XC

X

XFF
C AAB

B
 +

=
+

==
121

2/ 0

0

0
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At equilibrium: −𝑟𝐴 = 0

Pure A → 𝑦𝐴0 = 1

𝐶𝐴0 =
𝑦𝐴0𝑃0/𝑅𝑇0, 𝐶𝐴0 =

𝑃0/𝑅𝑇0

Gas Flow Example (𝑿𝒆𝒇)
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82.02022
3

3

0 =




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dm
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CK AC
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−=

 

8 =
Xe − 0.5Xe

2

1− 2Xe + Xe

2( )

 

8.5Xe

2
−17Xe +8 = 0

 

Xef = 0.757

Gas Flow Example (𝑿𝒆𝒇)
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For Batch System:
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