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Lecture 8

Reaction mechanism and kinetic study 

Reaction mechanism and rate equations 

For irreversible gas phase reaction ( ) ( )A g B g→ , global rate for catalyst particles is 

expressed in terms of temperature and concentration of A in bulk gas stream which can 

be measured or specified directly. Global rates of catalytic reactions are usually 

expressed per unit mass of catalyst. 

Power law model 

For homogeneous reaction, power law form of rate equation is used where rate is 

function of concentration and rate is determined by fitting data to the equation. The 

exponents on the concentration is the apparent order of the reaction and ‘k’ is the kinetic 

constant or reaction rate constant which is independent of concentration and depends on 

temperature. 

For reactions A+B→ C+D
 

a
a A B

dC
kC C

dt
α βγ = − =  

Here α  is the order with respect to A and β  is the order with respect to B 

This power law approach can also be used for solid catalytic reactions. This analysis is 

simple. The major disadvantage of this method is that it ignores all the factors associated 

with adsorption and reaction mechanism on surface of solid catalyst. Hence, power law 

kinetics fails to adequately describe any solid catalytic process and the rate equation 

derived from mechanistic model is more preferred. Power law kinetics is preferred as a 

mode of obtaining preliminary value of rate parameters for solid catalyzed reactions. 
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Langmuir-Hinshelwood –Hougen-Watson(LHHW) model 

      The rate equation derived from mechanistic model that simulates the actual surface 

phenomenon during the process is preferred for reactions involving solid catalysts.  The 

Langmuir-Hinshelwood–Hougen-Watson(LHHW) approach is one of the most 

commonly used way of deriving rate expressions for fluid solid catalytic reactions. The 

advantages of this method are that : 

(1) Rate derived by this method takes into account the adsorption-desorption process 

occurring over the surface along with the surface reaction.  

(2) Rate  equation derived can be extrapolated more accurately to concentrations lying 

beyond the experimentally measured values. 

During this method of derivation of rate expression, all the physical transport steps like 

mass transfer from bulk phase to catalyst surface or diffusion of reactants from pore 

mouth to interior pore (intraparticle diffusion) are excluded. Thus, it is assumed that the 

external and internal mass transport processes are very rapid relative to the chemical 

rate process occurring on or within the catalyst particle. The chemical rate depends on  : 

(1) chemisorption steps 

(2) surface reaction steps  

(3) desorption steps 

 

This simple kinetic model assumes isothermal condition about and within catalyst that is 

temperature gradient is zero. 

In LHHW model development, the rate equation is first derived in terms of surface 

concentration of adsorbed species and vacant sites. Then, these surface concentrations are 

related to the fluid or bulk concentration that is directly measurable. 

For the reaction  A B C D+ +  
 

Let   ar = rates of adsorption                      ( g mol/s.gm of 

catalyst) 
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sr = rates of surface reaction   ( g mol/s.gm of catalyst)              

dr =rates of desorption       ( g mol/s.gm of catalyst)                                             

ASC = concentration of adsorbed A on surface  ( g mol/gm of catalyst) 

BSC = concentration of adsorbed B on surface  (gmol/gm of catalyst) 

csC = concentration of adsorbed C on surface   (g mol/gm of catalyst) 

DSC = concentration of adsorbed D on surface   (g moles/gm of catalyst) 

OC =  total concentration of active sites on surface    (g mol/gm of catalyst)  

VC =  concentration of vacant sites on surface     (g mol/gm of catalyst)      

AC =  concentration  of A in bulk gas phase   (g mol/cm3
) 

 

Similarly  BC , CC , DC  are the concentrations of B,C,D in the bulk gas phase, 

respectively. 

 

Let the reaction follows the mechanism given below ; 

 

(1) A S A.S+    --- Adsorption of reactant A  on surface vacant site S 

(2) B S  B.S+    --- Adsorption reactant B on surface vacant site S 

(3) A.S B.S C.S D.S+ +  --- Surface reaction  between adsorbed A and B 

(4) C.S C S+   --- Desorption of product C from surface creating a vacant 

site 

(5) D.S D S+   ---Desorption of product D from surface creating a vacant 

site 

Among the various steps described, the slowest step controls the overall rate of reaction 

and the other remaining steps are assumed to be at near equilibrium conditions. This 

approach greatly simplifies the overall rate expression, reducing the number of rate 

constants and equilibrium constants to be determined from experimental data. Further 
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each step in this method is assumed to be elementary and the number of sites is conserved 

in each step.  

Therefore, the controlling step can be either of the following: 

(1)  Surface reaction  

(2) Adsorption  

(3) Desorption  

Now total concentration of active sites on surface, OC  , will be the summation 

concentrations of all sites on which either reactants or products are adsorbed and the 

concentration of vacant sites. 

O V AS BS CS DSC C C C C C∴ = + + + +  

Where, CV   is the concentration of vacant sites. 

Case 1 : Rate is surface reaction controlling 

The surface reaction is the slowest step and is the rate controlling. According to the 

mechanism, surface reaction occurs between adsorbed A and adsorbed B producing 

adsorbed C & adsorbed D. 

AS BS CS DS+ +  

The rate of surface reaction is given as 

'
S S AS BS S CS DSr k C C k C C= − sk  = rate constant for forward surface reaction 

     
'
Sk = rate constant for reverse surface reaction 

      = 
'
S

S AS BS CS DS
S

k
k C C C C

k
 

− 
 

 

=  1
S AS BS CS DS

S

k C C C C
K

 
− 

 
  '

S
S

S

k
K

k
=      (1)      
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Now, since all the other steps are considered to be in equilibrium, therefore concentration 

of adsorbed species can be obtained as follows. 

For adsorption steps and desorption steps : 

From step  (1)    
.

AS
A

A V

C
K

C C
=    From step (4)  

.

CS
C

C V

C
K

C C
=  

From step (2)    
.

BS
B

B V

C
K

C C
=    From step (5) 

.

DS
D

D V

C
K

C C
=

 

,  ,  ,  A B C DK K K K are adsorption equilibrium constants. 

Then, the adsorbed phase concentrations can be written as 

AS A A VC K C C= CS C C VC K C C=  

BS B B VC K C C= DS D D VC K C C=  

Substituting all these value in equation (1) 

1 . .C
S S AS BS CS DS S A A V B B V C V D D V

S S

K
r k C C C C k K C C K C C C C K C C

K K
   

= − = −   
   

 

or,   2 2C D
s S A B A B V C D V

S

K K
r k K K C C C C C C

K
 

= − 
 

 

or 2C D
S S A B A B C D V

S A B

K K
r k K K C C C C C

K K K
 

= − 
 

     (2) 

Now , O AS BS CS DS VC C C C C C= + + + +  

O A A V B B V C C V D D V VC K C C K C C K C C K C C C= + + + +   

[ ]1V A A B B C C D DC K C K C K C K C= + + + +  
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1
O

V
A A B B C C D D

C
C

K C K C K C K C
=

+ + + +
      (3) 

For the reaction    A+B    C+D , at equilibrium , the overall equilibrium constant is

C D

A B

C C
K

C C
= . 

All concentrations correspond to the equilibrium conditions in gas phase. 

 ( ) ( )
( ) ( )

/ /
/ /

CS C V DS D V

AS A V BS B V

C K C C K C
K

C K C C K C
=  =  

2

2.CS DS A B V

AS BS C D V

C C K K C
C C K K C

 

Or , .A B
S

C D

K KK K
K K

=   CS DS
S

AS BS

C C
K

C C
=      (4)    

Substituting  (3) &(4) in equation (2),    

( )

2

2
1

1
O

S S A B A B C D
A A B B C C D D

C
r k K K C C C C

K K C K C K C K C
 = −   + + + +

 

( )
A B C D

S S A B O
A A B B C C D D

C C C C
Kr k K K C

K C K C K C K C
2

2

1

1

−
=

+ + + +
    (5) 

The above rate expression can also be derived in terms of bulk partial pressure.  

Case 2: Rate is adsorption control 

(a) Adsorption of A  controlling 

Let   adsorption of A be the slowest step so that adsorption of B, surface reaction and 

desorption  of  C are at equilibrium.   

Adsorption of A is given as   

A S AS+   

Rate  of  adsorption  a a A V d ASr k C C k C= −  
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d
a a A V AS

a

k
r k C C C

k
 

= − 
 

 

   Or,  1
a a A V AS

A

r k C C C
K

 
= − 

 
 a

A
d

k
K

k
=  (adsorption equilibrium constant for A)    

1 AS
a a V A

A V

C
r k C C

K C
 

= − 
 

        (6)
 

 

Now as other  steps  are in equilibrium : 

CS DS
S

AS BS

C C
K

C C
=

 

BS
B

B V

C
K

C C
= CS

C
C V

C
K

C C
= DS

D
D V

C
K

C C
=

 

BS B B VC K C C=  CS C C VC K C C= DS D D VC K C C=  

Then , 

CS DS
AS

S BS

C C
C

K C
= = .C C V D D V

S B B V

K C C K C C
K K C C

   = C D C D V

S B B

K K C C C
K K C

 

Substituting value in equation (6)   

1 C D C D V
a a V A

A V S B B

K K C C C
r k C C

K C K K C
 

= − 
 

 

C D C D
a a V A

S A B B

K K C C
r k C C

K K K C
 

= − 
 

 

1 C D
a a V A

B

C C
r k C C

K C
 

= − 
 

         (7)  

S A B

C D

K K K
K

K K
=  = Overall equilibrium constant. 
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Now           0 V AS BS CS DSC C C C C C= + + + +  

.C D C D V
V B B V C C V D D V

S B B

K K C C C
C K C C K C C K C C

K K C
= + + + +  

1 C D C DA
V B B C C D D

S A B B

K K C CKC K C K C K C
K K K C

  
= + + + +  

  
 

1 C DA
V B B C C D D

B

C CKC K C K C K C
K C

 
= + + + + 

   

1

O
V

C DA
B B C C D D

B

C
C C CK K C K C K C

K C

=
+ + + +

S A B

C D

K K K
K

K K
=

 

 Substituting value of VC in equation (7) 

0

1

C D
A

B
a a

A C D
B B C C D D

B

C CC
KC

r k C K C C K C K C K C
KC

 
−  
 =

+ + + +
     (8) 

For a given catalyst 0C  is constant. 

Similarly expression when desorption of product is the rate controlling step can be 

derived. For desorption of C controlling the whole reaction, the rate expression can be 

derived as  

0 1

 −   =
+ + + +

C D
A B

d d
A A B B C A B D D

C CC C
Kr k C K

K C K C K KC C K C
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Eley Rideal model 

Apart from power law and Langmuir-Hinshelwood models, other kinetic models are also 

used to fit the data. EleyRideal model depicts the reaction mechanism in which one 

reactant species (say A) is adsorbed while the second reactant species (say B) is not 

adsorbed on the catalyst surface. The reaction then occurs when the passing gas 

molecules of B in gas phase directly reacts with the adsorbed species A. The schematic 

representation is shown in Fig. 1. 

 

 

Fig. 1. Eley Rideal mechanism for reaction of adsorbed A with gas phase B producing product AB 

(1)  A S AS
(2) AS B (g) P

+
+ →


  

Assuming that step 2, the reaction between adsorbed A and gas phase B is irreversible 

and the rate determining step, then the rate of reaction can be written as  

As Br k C  C=           (9)  

The concentration of adsorbed A can be given as AS A A VC K C C=  

Now , O AS V A A V V V A AC C C K C C C C (1 K C )= + = + = +  

O
V

A A

CC
1 K C

=
+  

A A O
AS

A A

K C CC
1 K C

=
+
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Substituting value of CAS in equation (9) 

O A A B
AS B

A A

kC K C Cr k C  C
1 K C

= =
+  

If the products are chemisorbed then the reaction may become reversible as shown below.  
 

b

k

k
AS B(g) PS

PS P S

+

→ +



  

 
Then the rate expression can be written as  
 

As B b Psr k C  C k C= −  
 
The concentration of adsorbed product is PS P P VC K C C=  
 

O AS Ps V A A V p P V V V A A P PC C C C K C C K C C C C (1 K C K C )= + + = + + = + +  
 

O
V

A A P P

CC
1 K C K C

=
+ +

 

 
A A O

AS A A V
A A P P

K C CC K C C
1 K C K C

= =
+ +  

 
P P O

PS P P V
A A P P

K C CC K C C
1 K C K C

= =
+ +

 

 
 
Substituting CAS and CPS in  rate expression,  
 

As B b Ps AS B PS
b

1 kr k C  C k C k C C C          K
K k

 = − = − = 
 

  

 

( ) ( )
A A O P P O

B
A A P P A A P P

K C C K C C1r k C
1 K C K C K 1 K C K C

 
= −  + + + + 
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P
A A B P

O
A A P P

KK C C C
Kr kC

1 K C K C

 − 
 =

+ +
 

 
Estimation of model parameters 
 
The various parameters in the kinetic models such as rate constants, reaction orders, and 

equilibrium constants are derived by fitting the experimental data. The optimal values of 

the parameters in the rate equation of a heterogeneous reaction are determined 

traditionally by using gradient or direct search methods. For success of this method, a 

very good initial estimate of the parameters is required. This proves to be difficult in most 

cases. If the initial estimates are far from the global optima, then it is likely that the 

gradient or direct search method will not converge at all or will converge to local optima. 

Recently genetic algorithm (GA) is increasingly applied in estimation of kinetic 

parameters. The major advantage of this method is that it is not dependent on the initial 

estimate of the parameters. GA performs a multi-directional search. 
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	Solved examples :
	1. Calculate the metal dispersion and active metal area for 0.5 wt % Platinum on Alumina catalysts by CO pulse chemisorption. The areas of the pulses are given in the table. Additional given data are :
	Thermo analytical techniques
	Temperature programmed reduction is used to determine the reducibility of the catalysts. In this method, reducible catalysts are exposed to flow of reducing gas mixture typically H2 in Ar. The sample is initially pretreated in an oxidative atmosphere ...
	NiO is reduced in one step to metallic nickel according to the  following equation :
	(A) TPR of NiO/C catalysts is shown in Fig. 3.  NiO is reduced in one step. Presence of single peak suggests NiO is present in one form.
	Temperature programmed oxidation (TPO)
	Temperature programmed oxidation is used for investigation of the redox behavior of catalysts particularly when applied in cyclic TPR-TPO experiments. The equipment and experimental procedure are the same as for the TPR study. The only difference is t...
	Temperature programmed desorption (TPD)
	Application
	TPD studies gives :
	 Type and amount of different forms of adsorbed species which correspond to the presence of various peaks
	 Study of acidic and basic sites on the surface
	 Study of gas adsorbed on surface
	 Study of organic compounds adsorbed on surface
	Fig. 5 shows a typical NH3-TPD spectrum observed for different samples. Curve A only has one peak suggesting existence of one type of acidic sites on the sample to which ammonia is attached, while curve B has two peaks and suggests two types of acidic...

	Thermogravimetric Analysis (TGA)
	TGA characterization is used to determine the thermal stability, content of moisture and volatile material, if any, or decomposition of inorganic and organic material in the catalysts. This method can also be used to study reaction kinetics with react...

	Examples
	Fig. 8. Typical TGA profile for (A) aluminum hydroxide  (B) activated carbon
	A
	Differential Thermal Analysis (DTA)
	DTA consists of heating a sample and reference material at the same rate and monitoring the temperature difference between the sample and reference. In this method, the sample is heated along with a reference standard under identical thermal condition...
	Generation of absorption spectrum
	Consider two possible vibrational energy state of a molecule, E1 and E2. Transition can take place between the levels E1 and E2 provided the appropriate amount of energy                            can be either absorbed or emitted by the system. If a ...
	Types of vibrations in a molecule:

	Analysis by infrared techniques
	1. Skeletal vibrations :  In these vibrations all atoms undergo approximately the same displacement.
	Vibration of the carbon chain in organic molecules, which falls in 1400-1700 cm-1 range, is an example.

	2. Group vibrations: In  some vibration modes, displacement of a small group of atoms may be much more vigorous than those of the remainder. These are called group vibrations. Group vibration frequencies are almost independent of the structure of the molec^
	Vibrations of light atoms in terminal groups, such as –CH3,-OH, -C≡N, >C=O, are of high frequencies, while vibrations of heavy atoms such as -C-Cl, -C-Br, metal-metal etc. are of low frequencies. These vibrations fall in this category. Table 1 shows t...
	Overall IR spectrum can be broadly divided in five regions :
	– X-H stretch regions ( 4000-2500 cm-1) e.g – CH, NH, OH vibrations
	– Triple bond regions 2500-2000 cm-1 ; e.g C≡C (2100-2200) C≡N (2240-2280)
	– Double bond region 2000-1500 cm-1 ; e.g C=O (1680-1750) C=C (1620-1680)
	– fingerprint regions 1500-500 cm-1 ; Single bonds C-N, C-O,C-S, C-Cl etc.
	– Metal adsorbate region 450-200 cm-1 e.g M-X ;  X= C,O,N


	Working principle and instrumentation
	Application
	In heterogeneous catalysis, IR spectroscopy is used to :
	– Study the molecular structure of catalysts
	– Identify adsorbed species or adsorbed reaction intermediates and their structures on catalysts
	– Provide information on the nature of acid – basic sites present on catalysts surface during preparation and reaction

	Examples
	1. Identification of bonds :
	Fig. 4.  IR spectrum of alumina
	Raman spectroscopy
	Relative intensities of Stokes & anti-Stokes scattering
	Relative intensities of these two processes depend on the population of the various states of the molecule. At room temperature, majority of molecules are expected to be initially in the ground energy state and excited vibrational state will be small....
	Fig. 1. Different transitions observed in Raman process
	Raman Activity
	To be Raman active, a vibration mode must cause polarizability changes in a molecule.  Mathematically, Raman activity requires that the first derivative of polarizability (α) with respect to vibration at the equilibrium position is not zero.
	The ‘q’ is the displacement of the atoms form equilibrium position. Polarization of molecules varies with directions in a three-dimensional space. For example, in a linear molecule such as CO2, the electron cloud has the shape of an elongated ellipsoi...
	Generally, if the ellipsoid changes its size, shape and orientation with vibration, that vibration is Raman active. For example, in case of H2O molecule, all normal mode vibrations, as shown in Fig.1a , are Raman active because the ellipsoid changes s...
	Table 1. Comparison of Infrared absorption and Raman scattering
	Selection rule
	Intense Raman scattering occurs from vibrations which cause a change in the polarizability of the electron cloud around the molecule. Usually, symmetric vibrations cause the largest changes in polarizability and give the greatest scattering.  In contr...
	  Rule of thumb: symmetric=Raman active, asymmetric=IR active
	Working principle and instrumentation
	Sample is mounted in the sample chamber and laser light is focused on it with the help of a lens. The scattered light is collected using another lens and is focused at the entrance slit of the monochromator. The width of the monochromator slit is set ...



