
8. Heterogeneous reaction

• solid – fluid (liquid, gas)

• liquid – gas

• solid – solid

 Dissolution of solids (e.g. MgCO3(s) + HNO3(l)) 

 Chemical Vapor Deposition (SiH4(g)  Si(s)  +  2H2) 

 Sublimation (U(s) + 3 F2(g)  UF6(g)) 

 Reduction of solid oxides (NiO(s)  +  H2(g)  Ni(s)  +  H2O(g)) 

 Metals oxidation (Zn(s)  +  O2(g)  ZnO(s)) 
 Catalytic reactions 

 Dissolution with chemical reaction  

Cl2(s) + 2NaOH(l)  NaOCl(l) + NaCl(l) + H2O(l) 

3NO2(g) + H2O(l)  2HNO3(l) + NO(g) 

 
 

  CoO(s)  +  Al2O3(s)   CoAl2O4(s) 
 

 

Heat and mass transfer phenomena affect global reaction rate

Catalytic heterogeneous reaction



Catalytic reactions

• homogeneous catalysis

• heterogeneous catalysis

 Ozone decomposition in the presence of Cl 
 SO2 oxidation by NOx 
 Esterification catalyzed by acids or bases 
 Enzymatic catalysis  

 NH3, CH3OH production 

 SO2 to SO3 oxidation 

 HDS, HDN processes 

 Fluid Catalytic Cracking 

 Hydrogenation 

 Polymerization (Ziegler-Natta catalysts, metallocens) 

 
 

 

O3 + Cl    ClO + O2

ClO + O3  Cl + 2O2

2O3  3O2





Catalytic cycle



Reactants

Ecat

Encat

E
n
e
rg

y
 

Activated 

complex of non 

catalytic reaction

Adsorbed

reactants

Adsorbed

products

Products

Reaction pathway

Encat – energy of activation for non catalytic reaction

Ecat - energy of activation for catalytic reaction

Non catalytic x catalytic reaction

    

iE

RT
ir e





The multi-step catalytic reaction

can be faster than one-step 

reaction





Steps in a catalytic reaction

1) Mass transfer of reactants to the external surface of catalyst

2) Mass transfer of reactants in porous structure of catalyst

3) Adsorption of reactants

4) Surface reaction (+ migration)

5) Desorption of products

6) Mass transfer of products in porous structure of catalyst

7) Mass transfer of reactants from the external surface of catalyst

The transport steps (1,2,6,7) depend on T, P, composition, flow rates, pore 

size, ....

The chemical steps (3,4,5) are 

dependent on T, P, composition.



Fluid phase

Products

Reactants

Desorption

Surface 

reaction

Adsorption

Dissociation

Migration

Elementary steps of catalytic reaction
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Reaction rate of catalytic reactions

Langmuir-Hishelwood ideal surface

Rate of elementary steps

Rate determining step x steady state hypothesis



Reaction rate of catalytic reactions

Langmuir-Hishelwood ideal surface

Rate of elementary steps

Rate determining step x steady state hypothesis



Overall reaction ( 0o

rG  ) 

 

2CO(g)   +  O2(g)   2CO2(g) 
nebo 

2CO(g)   +  O2(g)   2CO2(g)  

CO oxidation on Pt

Pt surface atoms



Elementary steps of catalytic CO oxidation on Pt  

1. CO chemisorption 
 

CO(g)  +  [*]    CO* 
1 ,1 * ,1f CO b COr k P k     

 
2. O2 dissociative chemisorption 

 

O2(g)  +  2[*]    2O* 
2

2 2

2 ,2 * ,2f O b Or k P k     

 
3. Surface reaction between CO* and O* 

CO*  +  O*    *CO2  +  * 
23 ,3 ,3 *f CO O b COr k k       

 
 

4. CO2 desorption into gas phase 
 

*CO2    CO2(g)  +  * 
2 24 ,4 ,4 *f CO b COr k k P     

 

Pi – partial pressures of gaseous components [Pa] 

i - occupancy (coverage) of the i-th species [-] 

, ,,f j b jk k  - reaction rate constants 

rj – rate of the j-th elementary step [mol/kg katalyzátoru/s  
mol/molPt/s= 1/s] 

  

* - Pt surface atoms = Catalytic 

active centre



Rate determining step in steady state

Forward reaction rate

Backward reaction rate

Fast step

Slow step =

Rate determining step

step is close to the equilibriumi ir r 

i i ir r r 



Relation between overall reaction rate and the rate of i-th 
elementary step determines the stoichiometric number i  

(do not confuse with stoichiometric coefficient !) 
 

i

i

r
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i  

CO(g)  +  [*]    CO* 2 

O2(g)  +  2[*]    2O* 1 

CO*  +  O*    *CO2  +  * 2 

*CO2    CO2(g)  +  * 2 

2CO(g)   +  O2(g)   2CO2(g)  

 

M. Boudart, 1968, in “Kinetics of Chemical Processes”:

The stoichiometric number of i-th elementary step, , is the number

of times that this elementary step, as written, must be repeated, in the

closed sequence, in order to obtain by summation of all steps the

overall stoichiometric equation for reaction, as written.

i



Reaction rate as a function of measurable variables

Rate determining step: surface reaction



Example 

 

C2H5OH(g) (A1)      CH3CHO(g) (A2)   +   H(g) 

(A3) 

 

 

catalysts: CuO, CoO a Cr2O3  

(Franckaerts J., Froment G.F., Kinetic study of the 

dehydrogenation of ethanol, Chem. Eng. Sci. 19 (1964) 

807-818).  

Kinetics 
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Task: to estimate on the basis of experimental data kinetic 

and adsorption parameters 1 2, ,k K K   



EXPERIMENTAL SET-UP

Franckaerts J., Froment G.F., Kinetic study of the dehydrogenation of ethanol, Chem. Eng. Sci. 19 

(1964) 807-818



EXPERIMENTAL DATA 
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oy
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o[ C]

T
 1

[ ]

X


 

1,60 7,0 0,865 0,135 0,0 225,0 0,066 

0,80 4,0 0,865 0,135 0,0 225,0 0,083 

0,40 3,0 0,865 0,135 0,0 225,0 0,055 

1,0 1,0 0,865 0,135 0,0 225,0 0,118 

1,0 1,0 0,750 0,130 0,119 225,0 0,052 

0,40 1,0 0,865 0,135 0,0 225,0 0,060 

1,0 1,0 0,732 0,167 0,101 225,0 0,052 

0,40 10,0 0,865 0,135 0,0 225,0 0,038 

1,60 7,0 0,865 0,135 0,0 250,0 0,149 

0,80 4,0 0,865 0,135 0,0 250,0 0,157 

0,40 3,0 0,865 0,135 0,0 250,0 0,108 

1,0 1,0 0,865 0,135 0,0 250,0 0,218 

1,0 1,0 0,672 0,145 0,183 250,0 0,123 

0,60 1,0 0,865 0,135 0,0 250,0 0,152 

0,80 1,0 0,672 0,145 0,183 250,0 0,106 

0,60 10,0 0,865 0,135 0,0 250,0 0,094 

1,60 7,0 0,865 0,135 0,0 275,0 0,254 

0,80 4,0 0,865 0,135 0,0 275,0 0,262 

0,40 3,0 0,865 0,135 0,0 275,0 0,20 

1,0 1,0 0,865 0,135 0,0 275,0 0,362 

1,0 1,0 0,672 0,145 0,183 275,0 0,230 

0,20 1,0 0,865 0,135 0,0 275,0 0,118 

0,40 10,0 0,865 0,135 0,0 275,0 0,148 

0,40 1,0 0,865 0,135 0,0 275,0 0,196 

 
 



Solution: 

Minimize the objective function: 
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1, 1 2( , , )iX k K K  calculated from isothermal catalytic PFR 

model: 
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ATHENA Visual Studio. 





225 oC 250 oC 275 oC

k1 5.767986E-01 +- 4.112E-01 8.863130E-01 +- 1.668E-01 1.675828E+00 +- 4.225E-01

KA1 4.839934E-01 +- 3.591E-01 4.876108E-01 +- 9.443E-02 3.803293E-01 +- 1.473E-01

KA2 1.011693E+01 +- 7.376E+00 3.044445E+00 +- 9.054E-01 2.812096E+00 +- 1.078E+00

y = -5802.3x + 11.056
R² = 0.9807

y = 1293.1x - 3.2791
R² = 0.7019

y = 7084.1x - 12.075
R² = 0.8181

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

1.80E-03 1.85E-03 1.90E-03 1.95E-03 2.00E-03 2.05E-03

ln(k1) = f(1/T)

ln(KA2) = f(1/T)

ln(KA1) = f(1/T)



Fixed-bed catalytic reactors



Expanded views of a fixed bed reactor





Internal mass transfer in a porous 
catalytic particle

Reactant concentration profiles 

within a porous catalyst pellet for 

situations where surface reaction 

controls and where pore diffusion 

affects reaction rate.
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Knudsen diffusion
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Viscous (convective) flow
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First order gas phase reaction

Reaction rate

Balance of component A in cylindrical pore

Boundary conditions



Solution



Mean reaction rate in the pore (rate of consumption of A)

Effectiveness factor

Concentration profiles of A in the pore Effectiveness factor as a function of L



Real catalytic    

particle of the 

shape of slab of 

the thickness Lo

Real pore 

structure
“Tortuous” pore

Direct pore
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Dimensionless variables

Solution

Thiele number 

(module)

L

L



Real (measurable) reaction rate

Effectiveness factor as a function of Thiele number
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Cylinder

Sphere



Effectiveness factors for slab, cylinder and sphere

Shape Effectiveness factor Asymptote

Slab

Cylinder

Sphere
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Exercise





Internal and external mass transfer
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Dimensionless variables we get

Dimensionless parameter BimA – Biot number for mass transfer



Solution of differential equation has the form: 



Heat and mass transfer



Balance equations

Slab

Cylinder

Sphere

Boundary conditions



Maximal temperature gradient in particle of catalyst(Prater 1958)

Elimination of from enthalpy balance:Vr
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Prater C.D., The temperature produced by heat of reaction in the interior of porous particles, 

Chem. Eng. Sci. 8 (1958) 284.







Endothermal

Exothermal

Effectiveness factor for non isothermal catalytic particle

Thiele number



SUMMARY

1. The kinetics of heterogeneous catalytic reaction can be described

on the basis Langmuir model of ideal catalytic surface using

sequence of both mass (and heat) transfer and elementary reaction

steps.

2. The kinetic model has to be confronted with experimental data and

the kinetic parameters (kinetic and adsorption constants) have to be

estimated.

3. Mass and heat transfer have important impact on overall reaction

rate and the models involving mass and heat transfer mechanisms

should be formulated and solved.

4. Mass transfer in porous structure of catalytic pellet is complex

phenomena and depends on pore size (distribution of pore size),

interactions between fluid molecules and pore wall, transport

parameters of fluid (diffusion coefficients, viscosity, heat

conductivity) and solid phase, also on the hydrodynamics of

surrounding fluid flow (external and internal mass transfer).



Models of catalytic reactors

Model equations involve:

• Balance equations for components of reaction mixture in both gas phase 

and porous catalytical particle

• Balance of energy (enthalpy)

• Balance of momentum

• Flux constitutive equations for component and energy fluxes



Pseudo homogeneous Heterogeneous

1-D • withou axial dispersion 
(pure plug flow)
• with axial dispersion

Gradients of concentration 
and temperature between 
phases

2-D Radial dispersion



1-D pseudo homogeneous model without axial dispersion

We make the following assumptions: 

1. Particles of catalyst are small compared to the length of reactor

2. Plug flow in the bed, no radial profiles

3. Neglect axial dispersion in the bed

4. Neglect concentration and temperature gradients in solid catalyst 

5. Neglect concentration and temperature gradients in external fluid film

6. Steady state
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In the fluid phase, we track the molar flows of all species, the temperature and 

the pressure. Generally, we can no longer neglect the pressure drop in the tube 

because of the catalyst bed – Ergun equation.
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f - fluid dynamic viscosity (Pa.s)

f - fluid density (kg/m3)

- superficial fluid mean velocity (m/s)

b - bed porosity (-)

dp- catalyst particle diameter (m)

b – bed apparent density (kg/m3)

SR – (empty) reactor cross section area (m2) 

vo

f

Numerical solution 

gives ( ), ( ), ( )iF z T z P z



Example

Consider the oxidation of CO and C3H6 in a catalytic converter

containing spherical catalyst pellets with particle radius 0.175 cm (0.05

mass % Pt on Al2O3). The initial composition of gas mixture is 2 % mol

CO, 3 % O2, 0.05 % C3H6 + N2, total initial molar flow rate is between

0.1 – 2.0 mol/s. Converter has the diameter 10 cm and volume 4.3

litres. Bed porosity is 0.4 and catalyst bed density is 1100 kg/m3. The

reactions of interest are
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Oh, S.H., Cavenish J.C., 

Hegedus L.L., AICHE J. 26 

(1980) 935.



Data from http://webbook.nist.gov/chemistry/:
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Data supplement:

http://webbook.nist.gov/chemistry/
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Discussion: internal x external mass and heat transfer 





Kinetics of ammonia synthesis on Fe catalyst (Apelbaum, Temkin, 1940)



Solution of boundary value problem by shooting method



0

200

400

600

800

1000

1200

0 1 2 3 4 5 6 7 8 9

TR, TK
K

z, m

TR, K (3rd state)

TF, K (3rd state)

TR, K (2nd state)

TF, K (2nd state)

TR=TF, K (1st state)

3 steady state solutions



2-D pseudo homogeneous model with axial and radial dispersion

Balance element of volume



Balance equations

Boundary and initial conditions


