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UNIT  ï 2: NON-CATA LYTIC REACTIONS  



 

Catalytic Reaction K inetic Model 
 

Int roduction: 
 

This section deals with the class off heterogeneous reactions in which a gas or liquid 

contacts with a solid, reacts with it, and transform it into product. Such reactions may 

be represented by: 
 

A(fluid) + bB(Solid) Ą fluid products 
 

Ą Solid products 
 

Ą fluid and solid products 

 
 

------- (1) 
 

------- (2) 
 
------- (3) 

 
 

Fluid-solid reactions are numerous and of great industrial importance. Those in which 

the solid does not appreciably change in size during reaction are as follows: 
 

a) The roasting (or oxidation) of sulfide ores to yield the metal oxides. For example, in 

the preparation of zinc oxide the sulfide ore is mined, crushed, separated from the 

gangue by flotation, and then roasted in a reactor to form hard white zinc oxide 

particles according to the reaction. 
 
 
 

Similarly, iron pyrites reacts as follows: 
 
 
 
 

b) The preparation of metals from their  oxides by reaction in reducing atmospheres. 

For example, iron is prepared from crushed and sized magnetite ore in continuous-

countercurrent, three stage, fluidized bed reactors according to the reaction: 
 
 
 

The most common example of reactions where the solid changes its size are 

carbonaceous reactions. For example, with an insufficient amount of air, producer gas 

is formed by the following reactions: 



 

With steam, water gas is obtained by the reactions- 
 
 
 
 
 
 

Still other examples are the dissolution reactions, the attack of metal chips by acids, and 

the rusting of iron. 
 

Selection of a Model 
 

The requirement for a good engineering model is that it be the closest representation of 

reality which can be treated without too many mathematical complexities. It is of little 

use to select a model which very closely mirrors reali ty but which is so complicated that 

we cannot do anything with it. Unfortunately, in today's age of computers, this all  too 

often happens. 
 

For the non-catalytic reaction of particles with surrounding fluid, we consider two 

simple idealized models, the progressive-conversion model and the shrinking 

unreacted-core model. 
 

Progressive-Conversion Model (PCM): 
 

In present model, we assume that reactant gas enters and reacts throughout the particle 

at all  times, most likely at different rates at different locations within the particle. Thus, 

solid reactant is converted continuously and progressively throughout the particle as 

shown in Figure 2.8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.8: According to the PCM, reaction proceeds continuously throughout the solid particle 



 

Shrinking-Core Model: 
 

In this model a diff erent approach of reaction taking place within solid surface has been 

visualized. In this visualization, we assume that the reaction occurs fi rst at the outer skin 

of the particle. The reaction zone is then moves into the solid and leaves behind 

completely converted material and inert solid. This is referred to as ñashò. Thus, at any 

time there exists an unreacted core of material which shrinks in size during reaction, as 

shown in Figure 2.9. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.9: According to the shrinking-core model, reaction proceeds at a narrow front which moves 

into the solid particle. Reactant is completely converted as the front passes by. 

 
 
 

In most cases the shrinking-core model (SCM) approximates real particles more closely 

than does the progressive-conversion model (PCM). 
 
 
 

SHRINKING -CORE MODEL FOR SPHERICAL PARTICLES  OF 

UNCHANGING SIZE: 
 

Since the SCM seems to reasonably represent reality in a wide variety of situations, we 

need to develop its kinetic equations in the following section. In doing this we consider 

the surrounding fluid to be a gas. However, this is done only for convenience since the 

analysis applies equally well to liquids. 



 

The model was first developed by Yagi and Kunii (1955, 1961), who visualized five 

steps occurring in succession during reaction as described by figure 2.10. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.10: Representation of concentrations of reactants and products for the reaction 

A(g) + bB(s) Ą solid product for a particle of unchanging size. 

 
 

Step 1. Diffusion of gaseous reactant A through the film surrounding the particle to the 

surface of the solid. 
 

Step 2. Penetration and diffusion of A through the blanket of ash to the surface of the 

unreacted core. 
 

Step 3. Reaction of gaseous A with solid at this reaction surface. 
 

Step 4. Dif fusion of gaseous products through the ash back to the exterior surface of the 

solid. 
 

Step 5. Dif fusion of gaseous products through the gas film back into the main body of 

fluid. 



 

The above mentioned steps can vary according to the reactions. For example, if  there is 

no gaseous products generation then step 4 & 5 is neglected and does not contribute 

towards resistance to the reaction. In the analysis of determining kinetic model we wil l 

only consider the resistances from step 1, 2 & 3. 
 

1. Diffusion through gas film controls: 

Whenever the resistance of the gas film controls, the concentration profile for 

gaseous reactant A will be shown as in figure 2.11. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.11: Representation of a reacting particle when diffusion through the gas film is the 

controlling resistance. 

 

From the above figure we can observe that, no gaseous reactant is present at the 

particle surface; hence, the concentration driving force, CAg ï CAs becomes CAg and 

is constant at all  times during reaction of the particle. Considering the stoichiometry 

from equations 1, 2 & 3, and taking unchanging exterior surface as Sex we can write 

ï 
 
 
 
 
 
 

------- (4) 



 
 
 
 

let ɟB, be the molar density of B in the solid and V be the volume of a particle, the 

amount of B present in a particle is ï 
 
 

------- (5) 
 
 

The decrease in volume or radius of unreacted core accompanying the disappearance 

of dNB moles of solid reactant is then given by ï 
 
 

------- (6) 
 
 

Replacing eqn 6 in 4 gives the rate of reaction in terms of the shrinking radius of 

unreacted core, or ï 
 
 

------- (7) 
 
 

where kg is the mass transfer coefficient between fluid and particle. Rearranging and 

integrating eqn 7 ï 
 
 
 
 
 
 

------- (8) 
 
 
 

let the time for complete conversion of a particle be Ű, then by taking rc = 0 in eqn 8 

we get ï 
 
 

------- (9) 
 
 

The radius of unreacted core in terms of fractional time for complete conversion is 

obtained by combining Eqs. 8 and 9, or 



 

This can be written in terms of fractional conversion by noting that ï 
 
 
 

------- (10) 
 
 
 
 

Therefore, 
 
 

------- (11) 
 
 
 

Thus we obtain the relationship of time with radius and with conversion, which is 

shown graphically in Figs. 2.12 and 2.13. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.12: Progress of reaction of a single spherical particle with surrounding fluid measured in 

terms of time for complete reaction. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.13: Progress of reaction of a single spherical particle with surrounding fluid measured in 

terms of time for complete reaction. 

 
 
 

2. Diffusion through Ash Layer Controls: 

Figure 2.14 illustrates the situation in which the resistance to diffusion through the 

ash controls the rate of reaction. To develop an expression between time and radius, 

such as Eq. 8 for film resistance, requires a two-step analysis. First examine a typical 

partially reacted particle, writing the flux relationships for this condition. Then apply 

this relationship for all  values of rc; in other words, integrate r, between R and 0. 
 
 

Consider a partially reacted particle as shown in Fig. 2.14. Both reactant A and the 

boundary of the unreacted core move inward toward the center of the particle. But 

for GIS systems the shrinkage of the unreacted core is slower than the flow rate of 

A toward the unreacted core by a factor of about 1000, which is roughly the ratio of 

densities of solid to gas. Because of this it is reasonable for us to assume, in 

considering the concentration gradient of A in the ash layer at any time that the 

unreacted core is stationary. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.14: Representation of a reacting particle when diffusion through the ash layer is the 

controlling resistance. 

 

For GIS systems the use of the steady-state assumption allows great simplification 

in the mathematics which follows. Thus the rate of reaction of A at any instant is 

given by its rate of diffusion to the reaction surface, or ï 
 

------- (12) 
 

For convenience, let the flux of A within the ash layer be expressed by Fick's law for 

equimolar counter diffusion. Then, noting that both QA and dCA/dr are positive, we 

have ï 
 

------- (13) 
 
 

where D e is the effective diffusion coefficient of gaseous reactant in the ash layer. 



 

Combining equations 12 & 13 for any r, 
 

------- (14) 
 

Integrating across the ash layer from R to rc, we obtain 
 
 
 
 
 

or, 
 

------- (15) 
 
 

The above expression represents the conditions of a reacting particle at any time. 
 
 

In the second part of the analysis we let the size of unreacted core change with time. 

For a given size of unreacted core, dNA/dt is constant; however, as the core shrinks 

the ash layer becomes thicker, lowering the rate of diffusion of A. Consequently, Eq. 

15 contains three variables, t, NA, and rc, one of which must be eliminated or written 

in terms of the other variables before integrating the equation with respect to time 

and other variables. As with film diffusion, let us eliminate NA by writing it in terms 

of rc. This relationship is given by Eq. 6; hence, replacing in Eq. 15, separating 

variables, and integrating, we obtain ï 
 
 
 
 
 
 
 
 

------- (16) 
 
 

For the complete conversion of a particle, rc = 0, and the time required is ï 
 
 
 

------- (17) 
 
 
 

The progression of reaction in terms of the time required for complete conversion is 

found by dividing equation 16 by equation 17, or 



 
 
 

------- (18a) 
 
 
 

which in terms of fractional conversion, as given in equation 10, becomes ï 
 

------- (18b) 
 
 
 

The above results are presented graphically  by figures 2.12 & 2.13. 

3. Chemical Reaction Controls: 

Figure 2.15 ill ustrates concentration gradients with in a particle when chemical 

reaction controls. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.15: Representation of a reacting particle when chemical reaction is the controlling resistance, 

the reaction being A(g) + bB(s) Ą products. 

 
 

Since the progress of the reaction is unaffected by the presence of any ash layer, the 

rate is proportional to the available surface of unreacted core. Thus, based on unit 

surface of unreacted core, rc, the rate of reaction for the stoichiometry of equations 

1, 2 & 3, is ï 
 

------- (19) 



 

where kò is the first-order rate constant for the surface reaction. Writing NB in terms 

of the shrinking radius, as given in Eq. 6, we obtain ï 
 

------- (20) 
 
 

which on integration becomes: 
 
 
 
 

or 
 

------- (21) 
 
 

The time Ű required for complete conversion is given at rc = 0 by ï 
 
 
 

------- (22) 
 
 
 

The decrease in radius or increase in fractional conversion of the particle in terms of 

Ű is found by combining equations 21 and 22. Thus, 
 
 
 

------- (23) 
 
 
 

This result is plotted in figures. 2.12 & 2.13. 
 
 
 

RATE OF REACTION FOR SHRINKI NG SPHERICAL  PARTICLES 
 
 

When no ash forms, as in the burning of pure carbon in air, the reacting particle shrinks 

during reaction, finally disappearing. This process is illustrated in figure 2.16. For a 

reaction of this kind we visualize the following three steps occurring in succession. 
 
 

Step 1. Diffusion of reactant A from the main body of gas through the gas film to the 

surface of the solid. 

Step 2. Reaction on the surface between reactant A and solid. 



 

Step 3. Dif fusion of reaction products from the surface of the solid through the gas 

fi lm back into the main body of gas. Note that the ash layer is absent and does not 

contribute any resistance. 
 
 

As with particles of constant size, let us see what rate expressions result when one or 

the other of the resistances controls. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.16: Representation of concentration of reactants and products for the reaction 

A(g) + bB(s) Ą rR(g) between a shrinking solid particle and gas. 

 
 

1. Chemical Reaction Control: 

When chemical reaction controls, the behavior is identical to that of particles of 

unchanging size; therefore, Fig. 25.7 and Eq. 21 or 23 wil l represent the conversion-

time behavior of single particles, both shrinking and of constant size. 
 
 

2. Gas Film Diffusion Controls: 

Film resistance at the surface of a particle is dependent on numerous factors, such as 

the relative velocity between particle and fluid, size of particle, and fluid properties. 

These have been correlated for various ways of contacting fluid with solid, such as 

packed beds, fluidized beds, and solids in free fall. As an example, for mass transfer 



 

of a component of mole fraction y in a fluid to free-fall ing solids Froessling (1938) 

gives ï 
 

------- (24) 
 
 

During reaction a particle changes in size; hence kg also varies. In general kg rises for 

an increase in gas velocity and for smaller particles. As an example eqn. 24 shows 

that ï 
 

------- (25) 
 
 
 

------- (26) 
 
 
 

Equation 25 represents particles in Stokes law regime. Now we will  develop 

expression for conversion-time for such particles. 
 
 

Stokes Regime (Smaller particles): When a particle, originally of size R0 has 

shrunk to size R, we may write ï 
 
 
 
 

Thus, similar to equation 7, we have 
 
 
 

------- (27) 
 
 
 

Since in the Stokes regime equation 24 reduces to 
 
 
 

------- (28) 
 
 
 
 

combining equation 27 & 28 and integrating 



 

or, 
 
 
 
 
 
 

The time for complete disappearance of a particle is thus 
 
 
 

------- (29) 
 
 
 

and on combining we get 
 
 
 

------- (30) 
 
 
 
 

This relationship of size versus time for shrinking particles in the Stokes regime is 

shown in Figs. 2.12 and 2.13, and it well  represents small burning solid particles and 

small burning liquid droplets. 
 
 
 

Particl es of Dif ferent Shape: Conversion-time equations similar to those developed 

above can be obtained for various ïshaped particles, and table 2.2 summarizes these 

expressions. 



Table 2.2: Conversion Time Expressions for Various Shapes of Particles, Shrinking Core Model 



 

DETERMINA TION OF THE RATE-CONTROLLING ST EP 
 
 

The kinetics and rate-controlli ng steps of a fluid-solid reaction are deduced by noting 

how the progressive conversion of particles is influenced by particle size and operating 

temperature. This information can be obtained in various ways, depending on the 

facilities available and the materials at hand. The following observations are a guide to 

experimentation and to the interpretation of experimental data. 
 
 

a) Temperature: The chemical step is usually much more temperature-sensitive than 

the physical steps; hence, experiments at different temperatures should easily 

distinguish between ash or film diffusion on the one hand and chemical reaction on 

the other hand as the controlling step. 
 
 

b) Time: Figures 2.12 and 2.13 show the progressive conversion of spherical solids 

when chemical reaction, film diffusion, and ash diffusion in turn control. Results of 

kinetic runs compared with these predicted curves should indicate the rate 

controlling step. Unfortunately, the difference between ash diffusion and chemical 

reaction as controlli ng steps is not great and may be masked by the scatter in 

experimental data. 
 

c) Particle Size: Equations 8, 16 and 21, along with equations 24 and 25 shows that the 

time needed to achieve the same fractional conversion for particle of different but 

unchanging sizes is given by ï 
 
 
 
 
 
 
 
 
 

Thus kinetic runs with different sizes of particles can distinguish between reactions 

in which the chemical and physical steps control. 
 
 

d) Ash versus Film Resistance: When a hard solid ash forms during reaction, the 

resistance of gas-phase reactant through thisash is usually much greater than through 

the gas film surrounding the particle. Hence in the presence of a non-flaking ash 

layer, film resistance can safely be ignored. In addition, ash resistance is unaffected 

by changes in gas velocity. 



 

e) Predictability of Film Resistance: The magnitude of film resistance can be 

estimated from dimensionless correlations such as eqn. 24. Thus an observed rate 

approximately equal to the calculated rate suggests that film resistance controls. 
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UNIT-3  CATALYSTS AND CATALYTIC REACTIONS 
 

Because the chemical,  petr ochemical, and petr oleum  in dustr ies rely  heavily on 

catalyt ic processing  operat ions and because of the u ti l ity of catalysts in 

remedia t ing environm ental  probl ems (e.g., emissi ons  from motor  vehic les),chemical 

engineers must  be cogniza nt  of the fundamental and applied aspects of catalysi s. 

In  more modern  term s the following definit ion is appropriate: A catalyst  is a 

substance that affects the rate or the direction  of a chemical reaction, but is not 

appreciably  consumed in the process. There are three impor tant  aspects of the 

defin it ion. First, a catalyst  may increase or decrease the react ion ra te. Second, a 

catalyst  may influe nce the direction  or  select iv ity of a reaction. Thir d, the amount 

of catalyst  consum ed by the react ion  is negligible compared to the consum pt ion of 

reactants. 
 

Catalysts work  by prov idi ng alternative mechanism  involv ing a different  tr ansit ion 

state of lower  energy. Thereby, the act ivat ion energy of the cataly t ic reaction is 

lowered compared to the uncatalyzed react ion as shown in Fig 3.1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figu re 3.1 Comparis on of act ivation energies of exotherm ic catalyt ic and non -

catalyt ic react ions 
 

A catalyst  accelerates both the ra tes of the forw ard and  rever se reaction. 

Equ ilibri um of a rever sible reaction  is not  altered by the presence of the catalyst. 

For  example, when  oxidat ion of SO2 is carr ied ou t  in  the presence of three different 

catalysts, namely  Pt, Fe2O3 and V2O5, the equ ilibri um composit ion  is the same in 

all  three cases. Another important  cha racter ist ic of catalyst  is its effect  on 

select iv ity. The presence of different  catalysts can result  in  different  product 

di str ibu t ion from  the same star ting mater ial.  For  example, decomposit ion of 

ethanol in  the presence of different  catalysts resu lts in  different  produc ts as shown  
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below. 
 
 
 
 
 
 
 
 
 

Types of  cat al y t i c  react i ons 
 
Catalyt ic react ions  can be di vided in to two main types ð 
 

1. Heterogeneous 

2. Homogen eous  
 

Het erogeneous cat aly si s 
 

In  heterogeneous cataly t ic react ion,  the catalyst  and the reactants are in  different 

phases. React ions of li qu id or g ases in th e presence of solid  catalysts are the typical 

examples.  An exampl e is the Contact  Process for  manu factur ing sul phur ic acid, in 

which  the su lphu r  dioxide and oxygen are passed over a solid vanadium  oxi de 

catalyst  producing su lphur  tr ioxi de. Several hy drocarbon tr ansf ormat ion react ions 

such  as cracki ng, reforming, dehydrogenat ion, and isomerizat ion  also fall in  this 

category. 
 

Hom ogeneous cat al y si s 
 
In  a homogeneous  catalytic react ion, the catalyst  is in  the same phase as the 

reactants. Typically, all  the reactants and  catalysts are either in  one single l iqu id 

phase or  gas phase. Most  indus tr ial homogeneous catalyt ic processes are carr ied 

out  in  liqu id phase. Ester hydrolys is invo lving general  acid -base catalysts, 

pol yeth ylene  produc tion  with organometallic  catalysts and enzyme catalysed 

processes are some of the important  examples of industr ial homogeneous  catalyt ic 

processes. 
 

SURFACE AREA AND ADSORPTION 
 

Since a cataly t ic react ion occu rs at  the flu id-solid in ter face, a large in ter facial  area 

can be helpful  or  even essential in  att ain ing a significant  reaction  rate. In  many 

catalysts, this area is provided by a porous  structure; the soli d contains many fine 

pores,  and the su r face of these pores suppl ies the area needed for  the high  rate of 

react ion. The area possessed by some porous  materi als is su rpr isingly  large. A 

typical sil ica-alumina crack ing catalyst  has a pore volum e of 0.6 cm 3/ g and an 

average pore radius  of 4 nm. The corresponding su r face area is 300 m 2/ g. 
 

A catalyst  that  has a large area resu lt ing from pores is called a porous catalyst. 

Exampl es of these include the Raney n ickel used in the hydrogena t ion of vegetable 

and anim al oils, the plat inu m-on-alu mina used  in  the reforming of petroleum 

naphth a to obtain  hig her octane rat ings, and the promo ted iron us ed in  ammonia 

syn thesis.  Sometimes pores are so small that  they will  admit  small molecul es but  

prevent large ones from  enter ing. Mater ials with this type of pore are called 
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molecular sieves, and  they may be deriv ed from na tu ral su bstances such  as certain 

clays and zeolites, or be totally syn thetic.  
 

Not  al l catalys ts need the extended su r face provided by a porous stru ctur e, 

however.  Some are su ffic iently  act ive so that  the effort  required to create a porous 

catalyst  wou ld  be wasted. For  such  situ at ions one type of catalyst  is the monolith ic 

catalyst . Monolithic catalysts are norm ally  encount ered in  processes where 

pressu re drop a nd heat removal  are major  considerat ions. 
 

For  the moment, let us  focus  our  att ention  on gas-phase reactions catalysed by 

solid su r faces. The mole cu les at  a su r face of a mater ial  experience  imbalanced 

forces  of in term olecular  in teract ion which  contr ibu te to the su r face energy. It 

causes  accumu lat ion of molecules  of a solu te or  gas in contact  with the substance. 

This prefere ntial accu mulat ion of substr ate mole cu les at  the su r face is call ed 

adsorpt ion wh ich is  purely sur face phenomenon. 
 

The su r face act ive materi al is referred to as the adsorbent and the molecul es which 

are accu mulated on the adsorbent  call ed adsorbate molecul es. The str ength by 

which  adsorbate mole cules are att ached with th e adsorbents determ ines the natur e 

of adsorpt ion. Physisorpt ion (or  physi cal  adsorpt ion)  is adsorpt ion in  which  the 

forces  involved are in term olecu lar  forces (van der Waals forces) of the same k ind as 

those responsibl e for  the imperfect ion of real gases and the condensat ion  of 

vapour s. The term van der Waals adsorpt ion is synonymous with physical 

adsorpt ion.  Chemisorpt ion  (or  chemical  adsorpt ion) is adsorpt ion  in  which  the 

forces  involved are valence forces  of the same k ind as those operat ing in the 

formation of chemical  compounds. 
 

Table 3.1 Physical  vs  Chemical Adsorpt ion 
 
 

Par am et er  Physi cal  adsor pti on  Chem i sor pt i on  
 

Adsor ben t  All  Solids Some Sol ids 
 

Adsor bat e All  gases below cri t ical  Some che mically  react ive 
temperatur e                               gases 

 

Tem per at ure range Low temperatu re Generally high 
temperatur e 

 

Heat  of  adsor pti on  Low, o rder of heat  of High, order of heat of 
condensation                            react ion 

 

Rat e (act i vat i on  energy) Very rapid, low E Nonactivated, low E; 
act ivated , h igh E  

 

Cover age Mu lt il ayer  possible Monolayer  adsorpt ion 
 

Rever si bi l i t y  Highly  revers ibl e Often ir reversible 
 

Im por t ance   For determination of For determination of 
su r face area and pore size       act ive-cent er area and 

elucidation of su r face-
react ion k inetics  

 
 
 

When an adsorbed molecule  receives energy equal  to or  greater than  the energy  of 
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adsorpt ion,  it  will  leave the su r face. This phenomenon is the reverse of adsorpt ion 

and is called as  desorpt ion. When th e num ber of molecu les str ik ing the su r face and 

staying there is equal  to th e num ber of molecu les that  are leaving (evapora t ing) the 

su r face is called to be in equil ibri um . 
 

Adsor pt i on  I sot h er m s 
 

A rel ation between the amount of adsorbate adsorbed on a given su r face at 

constant  temperatur e and the equ il ibri um c oncentr at ion  of the substr ate in  contact 

with the adsorbent  is known  as Adsorpt ion Isotherm . They are generally classifi ed 

in  the five ma in categor ies.  In  Figur e 3.2, adsorbate par tial pressur es (P) are 

normalized by dividing  by the satur at ion  pressur e at  t he temperatur e in  quest ion 

(P0). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figu re 3.2 Five types of isotherm s for  adsorption.  
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Type I, referred to as Langmuir-type adsorption , is  character ized by a monotonic 

approach  to a li mit ing amou nt of adsorpt ion, which  presumably corresponds to 

formation of a monolayer.  This type of behaviour  is that  expected for 

chemis orpt ion. No other isoth erm s impl y that  one can reach  a saturat ion li mit 

corresponding to complet ion of a monolayer.  
 

Type II is  typi cal of the behaviou r  normally  observed for  physical adsorpt ion. At 

values of PӊP0 approaching un ity, capill ary  and pore condensat ion  phenomena 

occur . The knee of the cu rve corresponds roughly  to completion of a monolayer.  A 

stat istical monolayer is bu ilt up at relat ively low values of PӊP0 (0.1 to 0.3). 

 

Type IV behaviour  is simi lar  to type II behaviou r except that  a limited pore volum e 

is indicated by the horizo ntal  approach  to the rig ht -hand ordinate axis. This type of 

cu rve is relat ively common for  porous  str uctur es of many k inds. Hysteresis effects 

associated with pore condensation are often, but  not  always, encou nt ered in  this 

type of system. They arise  from the effects of sur face cu rvature on v apour pressu re. 
 

Types III and V are relat ively  rar e. They are typical  of cases in  which  the forces 

giving r ise to monolayer  adsorpt ion  are relatively weak. Type V differs from  type III 

in the same manner that type IV differs from  type II. 
 

Freundl i ch  Adsor pt i on  I sot herm  
 

It  is an empi ric al rel at ion between the amount of an adsorbate adsorbed per unit 

weight  (x/m,  mg/g ) of adsorbent  and the adsorbate equi libri um concentrat ion 

(Ce,moles/ l) in th e fluid  as follows: 

 
 
 
 
 

Where, K and n are Freundlich coefficients 
x = weight of adsorbate adsorbed on m u nit  weight  of adsorbent 
Ce = equi libr ium  concentrat ion of adsorbate 

 

From equa t ion (3.1), we get 
 
 
 

(3.2) 
 

The coeffic ients K and n c an be determ ined from the intercept a nd slope of a plot  of 

log(x/ m) versus logCe. 
 

Langm ui r  Adsor pt i on  I sot herm  
 

In  the Langmuir  model the adsorbent su r face is considered to possess a number of 

act ive in teract ion sites for  adsorpt ion. Langmuir  derived a relat ion  between 

adsorbed mater ial  and its equ ili brium c oncentrat ion.  Hi s assu mptions  are:  
 

1. There are fixed adsorpt ion  sites on the sur face of the adsorbent. At  a given 

temperatur e and pressu re some frac t ion of these sites are occupied by 
adsorbate molecules. Let th is fract ion  be ȇ 
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2. Each s ite on the su r face of th e adsorbent  can hold o ne adsorbate molecu le. 
 
 

3. The heat of  adsorption is the same for  each s ite and is independent  of q. 
 

4. There is no in teract ion  between molecules on different  sites. 
 

Since the adsorpt ion is li mi ted to compl ete coverage by a monomolecular  layer , the 

su r face may be div ided in to two par ts: the fract ion ȇ covered by the adsorbed 

molecules  and  the frac t ion 1  ð ȇ, which is  bare. Since only those molecules  str ik ing 

the uncovered part  of the su r face can be adsorbed, the ra te of adsorpt ion per unit 

of total sur face will  be propor tional  to 1 ð ȇ; th at  is,  

 

(3.3) 
 
The ra te of desorpt ion will  be proport ional to th e frac t ion of covered sur face 
 
 
 

(3.4) 
 
At equil ibriu m, 
 

Rate of adsorpt ion = Ra te of desorpt ion 
 
 
 
 
 
 
 

(3.5) 
 

Where, 
 

K = k/ kõ is  adsorpt ion equil ibri um cons tant, expressed in un its of (pressur e)ð1. 
 
 

The concent rat ion f orm of Eq. (3.5) can be obtained  by in troduci ng the concept of 

an adsorbed concentrat ion  , expressed in moles per gram of catalyst. If 

represents the concentrat ion corresponding to a complete monomolecu lar  layer on 

the catalyst , then th e ra te of adsorpt ion, (moles/ s. g catalyst) is, by analogy with 

Eq.(3.3), 

 
 

(3.6) 
 

Where is the ra te constant  for the catalyst  and is the concent rat ion of 

absorbable component in th e gas. Similar ly, Eq.3.4 becomes 

 
(3.7) 

 

At equil ibrium th e ra tes given  by Eqs. (3.6) and (3.7) are equal, so that  
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Rearranging equa tion  (3.8), we get 
 
 
 
 
 

(3.9) 
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we will  get a str aight  l ine. 
 

Slope of which will  be and 
 
 
 

In tercept as . 

For che misorpt ions Langmuirõs equation works very well  but  fails  for  the cases where 
mu lt il ayer formation takes place. 
 

Mul t i l ayer  Adsor pti on  ð BET  I sot herm  
 

Impor tant  assu mpt ion of Langmu ir  theory  is the format ion of monolayer.  Because 

of monolayer  format ion saturat ion  in  adsorption  wou ld reach  at  h igher equ ilibri um 

concentr at ion  of the adsorbate. This type of adsorpt ion  occur s due to short  range 

chemic al forces which  do not  allow penetrat ion through  the prima ry adsorbed 

molecule s. Mu lt i layer  form ation has been observed when  molecu les are adsorbed 

through  weak forces  (long range forces normall y under physical adsorpt ion) due to 

cohesive forces exerted by the mole cu les of th e adsorbate. 
 

At high  pressur e mult ilayer  adsorpt ion takes place. The theory  of multim olecu lar 

(mult ilayer) adsorpt ion was developed by Stephen  Bru nauer,  Paul  Emm et and 

Edward  Teller  and  is called BET isotherm.  This isotherm  der ived by them 

success fu lly  account s for all types of adsorpt ion. 
 

It  assum es that  the su r face possesses un iform, localized si tes and  that  adsorpt ion 

on one site does not  affect adsorpt ion on neighbor ing sites just  as in  Langmu ir 

theory.  Also, molecules  can be adsorbed in second, th ird and n th lay ers with the 

su r face available for  layer  equal  to the coverage of the next  lower  layer.  The 

development is br iefly summ ariz ed as fol lows: Equation 3.5 can be rearranged to 

the form  

 
 
 
 

(3.10) 

Bru nauer , Emmet and Teller  adapted th is equ at ion of  mu lt i layer adsorpt ion and 

ar r ived at th e resu lt  

 
 
 

(3.11) 

Where p0 is the satur at ion or  vapor  pressur e and c is a constant  for  the par t icul ar 

temperatur e and gas-solid system. 

 
 

According to Eq.(3.11), a plot  of 
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should g ive a str aight  li ne. The intercept and slope the str aight  li ne can be given as, 
 
 
 
 

(3.12) 
 
 
 
 
 

(3.13) 
 

Solv ing these equations for  the volum e of adsorbed gas corresponding to a 

monomolecular layer gives 

 
 
 
 

(3.14) 
 

The volume can be readil y conver ted to the num ber of molecu les adsorbed. 
 
 
 

(3.15) 
 

Where N0 is  Avogadro's num ber, 6.02 × 1023  molecule s/ mole, and V is the volum e 

per mole of gas at  condit ions of vm· Since vm is recorded at  standard  temperatur e 

and pressur e, V = 22,400 cm 3/g  mole. 
 

However, to determ ine the absolu te su r face area it  is  necessary  to select  a value for 

the area covered by one adsorbed molecul e. If this is , the total su r face area is 

given by 

 
 

(3.16) 
 

If vm is  based on a 1 g sample, then Sg is the total  su r face per gram of solid 

adsorbent. Emm ett  and Br unauer  proposed that  is the projected area of a 

molecule  on the su r face when  the molecu les are ar ranged in  close two-dimensional 

packi ng. This value  is sl ight ly  larger than that  obtained  by assu ming that  the 

adsorbed molecul es are spher ical and their  projected area on the su r face is 

circul ar . The proposed equa tion  is 

 
 
 

( 
3 
. 
1 
7 
) 
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Where M is  molecu lar  weight  and is the densi ty of the adsorbed molecu les. For  N2 

at ð195.8°C, = 0.808 g/ cm 3, the area per molecule  from  is 16.2 × 10ð16  cm 2, or  

16.2 
 
 

VOID VOLUME AND SOLID DENSITY 
 

The simplest  meth od of determ in ing the void  volu me or  the pore volu me of a given 

catalyst  sample is to measu re the increase in weight  that  occu rs when  the pores 

are fil led with a liquid  of known  densi ty. Water , carbon tetrachlor ide, and various 

hydrocarbons have been used succ essfu lly. The procedur e involves boil ing a known 

weight  of dry catalyst pellets in the l iqu id for  20 to 30 min  to displace the air in  the 

pores.  After the boil ing flu id is replaced with cool l iqu id, the pellets are placed on 

an absorbent cloth and ro lled to remove the excess l iqu id. They are then weighed. 

The void vo lume per gram of catalyst  (Vg) can th en be determined from  

 
 
 
 
 

(3.18) 
 

One can em ploy  this technique to determine the total  volume of the pores with radii 

between approx imately 10 and 1500 . This appro ach  is limi ted in accur acy by the 

fact  that  it  is  difficu lt  to dry  the external su r face of the par t ic les with out  removing 

l iqu id from th e large pores. Some liqu id also tends to be retained around the points 

of contact  between par t ic les. These two sources of error  offset one another . Any air 

retained  within th e pores after boil ing wil l  lead to erroneous  resu lts. 

A more  accu rate procedure is the helium-mercury  method. One places a known 

weight  of catalyst  (m p) in  a chamber of known volume. After the chamber has been 

evacu ated, a known  quantity of helium  is adm it ted. The volu me of helium  displaced 

by a sample of catalyst  is measu red (VHe). The volu me of helium displa ced is a 

measu re of the volum e occupied by the solid  materi al.  Then th e helium  is remove d, 

and the volume of mercur y displaced is measur ed (VHg). Since mercur y wil l  not fi l l 

th e pores of most c atalysts at atmospher ic pressure, the difference in  volum es gives 

the pore volu me of the catalyst sample. 

 
 
 

(3.19) 
 
 
 

and the void vo lum e per gram (Vg) is 
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(3.20) 
 

This meth od permi ts one to determ ine the pore volu me correspondi ng to pore radii 

less than  75,000 Å. From the volu me of helium  displaced (solid  volu me) and the 

weight  of the sampl e, the density of the solid  phase, , can  be obtained. Then the 

void fract ion, or  poros ity, of the par tic le, , may be calcu lated from  th eequa tion 

 
 
 
 

(3.21) 
 

To avoid excessive pressu re drops and im prove mechanical str ength, porous 

par t ic les often mu st  be pellett ed to sizes of 1/ 16 to 1 in. Usuall y th e pellets are 
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cyli ndr ical, although  spherical and granu lar  assemblies are sometimes used. 

Agglomeration of porous  par t ic les gives a pellet containi ng two void  regions: The 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

void  spaces within  the par t ic les are commonly  termed micropores, and the void 

regions between par t ic les are call ed macropores. Hence such  materi als are said to 

contain bidisperse pore systems (Figu re 3.3). 

Figu re 3.3 Porous Catalyst  
 

PORE-VOLUME DISTRIBUTION 
 

The effect iveness of the in ternal  su r face for  catalyt ic react ions can depend not  only 

on the extent  of the void spaces (Vg), bu t  also on the size of the openi ngs. Therefore 

it  is desir abl e to know the distr ibu tion  of void volum e in a  catalyst  according to size 

of the openi ng. This is a difficult  problem  because the void spaces in a given 

par t ic le are non-un iform  in  size, shape, and length, and  normally are 

in terconnected. 

There are two established  meth ods for m easur ing the distr ibu t ion of  pore volum es. 
 

Mercury  Pen et r at i on  Techn ique 
 

Since mercu ry does not  wet most  su bstances and wi ll  not  spontaneously  penetr ate 

pores by capi llary  action, it  must  be forced  in to the pores by the appl icat ion  of 

external pressu re. The requi red equ ilibrated pressur e is inversely  propor tional to 

the size of the pores, only  slight  pressur e being requir ed to in tru de merc ur y into 

large macropores, whereas much  greater pressures are requi red to force mercur y 

in to small pores. Mercur y porosime try analysis is the progressive in tru sion of 

mercur y in to a porous  stru ctu re under str ingently  control led pressu res. 
 

If merc ur y is placed in contact  with a pore openi ng, the su r face tension of the 

mercur y acts along the li ne of contact  with the openi ng equal  in  length to the 

perime ter of the opening and creating a force-resist ing entry. By equa ting the force 

due to su r face tension (which  tends to keep mercur y out  of a pore) to the applied 

force,  Rit ter and Drake Obtained (The Washbur n equa t ion)  
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(3.22) 
 

Where ôaõ is the pore radius,  p is appli ed pressure, ȇ is  the contact  angle between 

the merc ur y and pore wall  and su r face tension of mercur y is 0.48 N/ m 2. While  ȇ 

probably  varies  somewhat  with the natur e of th e solid su r face, 140 0 appears  to be a 

good average value.  Then the worki ng equa t ion  for  evaluat ing the radius 

corresponding to a given  pressu re is 

 
 
 
 
 

(3.23) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figu re 3.4 Mercu ry penetrat ion in a  pore of radius ôaõ 
 
 

By measur ing the volume of mercur y that  in tru des in to the sample mater ial with 

each  pressur e chang e, the volu me of pores in  th e corresponding  size class is 

know n. The volu me of mercu ry that  enters pores is measu red by a mercur y 

penetrometer . 

The penetrometer is constru cted of glass (an ins u lator) and fil led with mercur y (a 

conduc tor).  The stem of the penetrometer is a capil lary  that  acts as a reser voir  for 

the analyt ical  volum e of merc ur y. The stem is plated with metal  (a conductor ). The 

two conduc tors,  mercu ry, and the metal  plat ing, are separated by glass, thus 

forming a coaxi al capacitor.  As pressur e forces mercu ry ou t  of the capi llary  and 

in to the sample, the mercur y inside the capil lary  decreases and so is the capaci -

tance. The decrease in capacitance, therefore,  is propor tional to the volume of 

mercur y leaving the capill ary  wi th each c hange in pressur e 
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Figu re 3.5 Mercu ry In tru sion Poros imetry 
 
 

Ni t rogen -desor pti on  Met hod 
 

As the low-temperatur e nitr ogen adsorpt ion experi ment is continu ed to h igher 

pressu res mult il ayer adsorpt ion oc cur s, and u lt ima tely the adsorbed fil ms are thick 

enough  to bridge the pore.  Then fu r th er uptake of n itr ogen will  resu lt  in  capil lary 

condensation. Since the vapour  pressure decreases as the capillary  size decreases, 

such  condensation  will  occur  first  in  the smal ler  pores. Condensat ion will  be 

complete, as p/ p0 Ƃ 1.0, when  th e entire  void region  is fill ed with condensed 

n itrogen. Now, if  the pressu re is reduced by a small  increment , a small  amount of 

n itrogen will  evapora te from  the meniscus form ed at  the ends of the largest  pores. 

Pores which  are empt ied of condensate in this way will  be those in  which  the 

vapour  pressur e of n itr ogen is greater than the chosen  pressur e. The Kelvin 

equa t ion gives the relat ionship  between vapour  pressur e and radius  of the concave 

su r face of the meniscus of the l iqui d. Since some of the n itr ogen is adsorbed on the 

su r face, and therefore not  present because of capillary  conden sat ion,  the Kelvin 

relat ionship must be-corr ected for the thickness of the adsorbed l ayers.  With this 
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correction,  the pore radius  is related to the satur at ion -pressur e ra t io (vapour 

pressu re in the pore p di vided by the normal  vapour pressure p0) by 

 
 
 
 
 
 

(3.24) 

Where Vl = molal volume of th e condensed l iqu id  

 
 
 
 

Since nitr ogen completely wets the su r face covered  with adsorbed n itrogen, = 0° 

and cos = depends on p/ p0. The exact  rel at ionship  has 

been th e subj ect of considerable stu dy, but  Halsey's form 

 
 
 
 

(3.25) 
 

Where A and  n depend on the natur e of th e catalyst su r face, is generally  us ed. 
 
 

For ni trogen at  -195.8°C (norm al boil ing point) Eq. (3.24), for  in Angstroms, 

becomes 

 
 
 
 
 
 
 
 
 

(3.26) 
 

Wheeler proposes for Eq.(3.25) 
ϳ 

 
 

(3.27) 
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For  a chosen value of p/ p0, Eqs. (3.26) and (3.27) give the pore radi us  above which 

all  pores will  be empty of capill ary condensate. Hence,  if the amoun t of desorpt ion 

is measu red for  var ious p/  p0, the pore volume correspondi ng to var ious radi i can 

be evaluated. By  combining mercur y-penetrat ion and n itr ogen-desorpt ion 

measu rement s, pore-volume information can be obtained over  the complete range 

of radi i in a  pelleted catalyst containi ng both macro- and micro pores. 
 

Some models for  qua ntitat ive treatm ent of the effect iveness of the in tern al catalyst 

su r face requ ire  only  the average pore radi us , ra ther than  the distr ibu tion  of pore 

volumes. Wheeler  has developed a simple equa tion for  which requi res only 

su r face-area and pore-volu me measu rement s. Suppose all  the pores in  a 

hypothetical par ticle are str aight, cyl indrical, not  in terconnected, and have the 

same radi us  and length L. The average pore radius may be found by wri t ing 

equa t ions for the total  su r face and volu me in  th e hypothetical par t icle and equa ting 

these qua ntit ies to the su r face mpSg and  volume mpVg in the actu al  par ticle;  i.e. 

 
 

(3.28) 
 
 
 
 

(3.29) 
 

Where mp and n are the mass and  num ber of pores per par ticle. Div iding th e two 

equa t ions gives the Wheeler average pore radius, 

 
 

(3.30) 
 
 
 
 
 

CATALYST  PREPARATION 
 

Experime ntal methods and techniques  for  catalyst  manu factur e are par ticu lar ly 

im por tant  because chemical composi t ion  is not  enough by itself to determine 

act iv ity. The physical  propert ies of su r face area, pore size, par ticle size, and  par t ic le 

structur e also have an in fluence. These proper ties are determ ined to a large extent 

by the preparat ion procedure. The two most  commonly  used  techniques for c atalyst 

preparat ion  are the only  ones we shall  consider:  
 

1. Precipi tat ion  or  gel format ion  of th e act ive component or  component s 

through  the in terac t ion  of aqueous  solu t ions of two or  more  chemical 

compounds. 

2. Impregnat ion of a car r ier  usi ng a solu tion containing a compound of the 

catalyst component desired. 

Pr ec i p i t at i on  or  gel  form at i on  
 

Precipi tat ion  provides a method of obtaining the solid mater ial in  a porous form. It 

consis ts of addi ng a precipi tat ing agent to aqueous  solu t ions of the desir ed 

component s. Washi ng, dryin g, and sometimes calc inat ion and act ivat ion are 
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su bsequent steps in  the process. For  example, a magnesi um oxide catalyst  can be 

prepared by precipitat ing the magnesium from  nitrate solu t ion by addi ng sodium 

carbonate. The preci pi tate of MgCO3 is washed, dri ed, and calcin ed to obtain  the 

oxide. Such  variables as concent rat ion of the aqueous solu tion s, temperatu re, and 

t ime  of the drying  and calcin ing steps may influe nce the su r face area and  pore 

structur e of the final produc t. Th is il lus trates the difficu lty in  reproduci ng catalysts 

and indi cates the necessity of careful ly foll owing tested recipes. Of par ticul ar 

im por tance is the washi ng step to remove all  tr aces of impur it ies,  which  may act  as 

poi sons. 
 

A special case of the precipitat ion meth od is the format ion  of a colloidal  precipitate 

which  gels. The steps in  the process are essentially the same as for  the usual 

precipi tat ion  procedure. Catalysts containing sil ica and alu mina are especially 

sui table for  preparat ion by gel format ion,  sin ce their  preci pitates are of a colloidal 

natu re. 
 

In  some instances a porous materi al can be obtain ed by mi xing the component s 

with water,  mil ling to the desired  grain  size, dryin g, and calcining. Such  mater ials 

mu st  be grou nd and sieved to obtain  the proper par t ic le size. A mixed magnesium 

and calc ium oxide catalyst  can be prepared in  this fashion. The carbonates are 

mil led wet in  a ball  machine, extr uded, dri ed, and reduc ed by heat ing in  an oven. 

 
 

Im pr egn at ion  
 

One of the simplest , most  commonly  used techniques for  prepari ng a catalyst 

involves dispersing an act ive component (or  component s) on a su pport  ma ter ial. 

Catalyst  carr iers (suppor t) prov ide a means of obtaining a large su r face area with a 

sma ll amount of act ive mater ial.  This is im portant  wh en expensive  agents such  as 

pla t inum , nickel, and  silver  are us ed. 
 

The steps in the prepara t ion of a catalyst i mpregnated on a car r ier may include 
 

1. Evacu ating the carr ier,  

2. Con tact ing the carr ier  wi th th e impregnating solu t ion, 

3. Removing the excess solu t ion, 

4. Drying,  

5. Calc ina t ion and act ivat ion. 
 

For  exampl e, a n ickel hydrogena tion catalyst  can be prepared on alu mina by 

soak ing the evacu ated alumina par ticles  with nic kel n itrate solu t ion, dra ining to 

remove the excess solu t ion,  and heating in an oven to decom pose the n it rate to 

n ickel oxi de. The final  step, reduc tion  of the oxide to metallic  nickel, is best carr ied 

out  with the par tic les in  place in  the reactor  by passing hydrogen  through  the 

equi pment. Activat ion  in si tu prevents contami nation  with ai r  and other gases 

which mig ht poison the reactive nickel. 

The natur e of the support  can affect  catalyst  act ivity and select ivity. This effect 

presum ably arises  because the su pport  can  in fluence the su r face str uctur e of the 

atoms of dispersed catalytic agent. For  example, changing from  sil ica to alu mina 

carr ier m ay change th e electr onic structur e of deposited plat inu m a toms.  
 

This question is related to the opt imu m amount of catalyst  that  should  be 
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deposited on a carr ier.  When only  a small  fract ion  of a monomolecular  layer is 

added, increases in amount of catalyst  shou ld  increase the rate. However, it  may 

not  be helpful  to add large amou nt s to the car r ier.  For example, the conversion rate 

of the or th o to para hydrogen with a NiO catalyst  deposited on alu mina was found 

to be less for  5.0 wt  % NiO than  for  0.5 wt %  NiO. The dispersion of the catalyst  on 

the carr ier  may also be an impor tant  factor  in  such  cases. The nic kel par t ic les were 

deposited from  a much  more  concent rated NiN03 solu t ion  to make the catalyst 

containing 5.0 wt  % NiO. This may  have led to larger n ickel par t ic les. That  is,  many 

more nickel atoms  were deposited on top of each  other,  so that  the dispersion of 

n ickel on th e su r face was less uniform th an wi th th e 0.5 wt  % catalyst. 

PROMOTERS AND INHIBITORS 
 

As norma ll y used, the term "catalyst" designates the composite product  used  in a 

reactor.  Components of the catalyst  must  include the catalyt ically act ive su bstance 

itself  and may also i nclude a carr ier , promo ters, and  inhibitors.  
 

A promoter is a su bstance added dur ing the prepara t ion of a catalyst  which 

im proves act iv ity or  select ivity or  stabi lizes the catalytic agent so as to prolong its 

l ife. The promo ter is present in a small  amoun t and by itself has li tt le act ivity. 

There are vari ous types, depending on how they act  to improve the catalyst . 

Perhaps the most  extensive stu dies of prom oters have been in c onnect ion w ith iron 

catalysts for  the ammonia syn th esis react ion. It  was found that  adding Al 2O3 (other 

promo ters are CaO, K20) prevented reduc tion (by sinter ing) in  su rface area du r ing 

catalyst  use and gave an increased act iv ity over  a longer  per iod of t im e. Some 

promo ters are also believed to inc rease the number of act ive centres and so make 

the exist ing catalyst su r face more act ive. 
 

An inhibi tor is the opposite of a promoter . When added in small  amount s dur ing 

catalyst  manu facture, it  lessens act iv ity, stabil i ty, or  selectivi ty. Inhibitors  are 

usefu l for  reduci ng the act iv ity of a catalyst  for  an undesir abl e side reactio n. For 

example, silver  su ppor ted on alumina is an excellent  oxidation catalys t . In 

par t icul ar, i t  is used widely in  the production  of ethylene  oxide from  ethylene. 

However, at  the same condit ions complete oxidat ion  to carbon dioxide and  water 

also occu rs, so that  select iv ity to C2H4O is poor.  It  has  been foun d that  adding 

halogen compounds to the catalyst  inhibits the compl ete oxidation and resu lts in 

sat isfactory  select ivi ty. 

POISONING AND DEACTIVATION OF CATALYSTS 
 

Since the earliest  days of heterogeneous catalysis, decreases in  act ivity dur ing use 

have been observed. The ra tes at  which  catalyst  deact ivat ion processes take place 

may be fast  or  slow. In some cases the decline  in  act ivity is so rapid that  the 

catalyst  ceases to fun ct ion  effect ively  after a few mi nut es or  hour s of exposu re to a 

reactant  feed str eam.  On  the other hand, there are cases where the deact ivat ion 

processes occur  so slowly that  the catalyst  may  function  effect ively for  month s or 

years.  In  the design of commercial  catalytic processes, one obviously  must  take 

these factors  in to  accou nt so as to allow for peri odi c replacement or  regenerat ion of 

the heterogeneous  catalys t . 
 

If the deact ivat ion is rapid  and caused  by the decomposit ion  or  degradation of 

reactants or  products on the catalyst  su r face, the process is termed fouling. In  this 
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case a deposit  is formed on th e su r face or  in  the pores that  phy sically  blocks a 

por t ion of the catalyst  and prevents it  from  catalyzing  the react ion. Such  fouling is 

par t icul ar ly rapid with silicaðalu mina crack ing catalys ts, and in this applicat ion, 

the design of a unit  for  catalyst  regenerat ion is as impor tant  as the design of the 

reactor proper.  
 

An exampl e of a crack ing reaction  leadi ng to fou ling might  be 
 

C10H22 ќC5H12+C4H10  + C (solid on catalyst  sur face) 
 

The carbon deposit  may be burned off with oxygen and/o r  steam to regenerate the 

catalyst so that th e active  sur face is no longer c overed. 

If the act iv ity of the catalyst  is slowly  modified by chemis orpt ion of ma ter ials that 

are not  easil y rem oved, the deact ivat ion  process is term ed poisoning. It  is usual ly 

caused  by preferent ial adsorpt ion of  small quantit ies of impur it ies (poisons)  present 

in  the feed str eam.  Adsorpt ion of extremely  smal l amount s of the poison (a small 

fract ion  of a monolayer) is often suf fi cient  to cause very large losses in  cat alyt ic 

act iv ity. The bonds link ing  the catalyst  and poison are often abnormally str ong and 

h ighly  specific. Consequently,  the process  is often i rr eversibl e. 
 

If the process is reversible, a change in the temperatur e or  the composit ion  of the 

gas to which  it  is exposed may be su fficient  to restore catalyst ac t ivity. This process 

is referr ed to as reactivation . If the prefer ent ial adsorpt ion of the poison cannot 

readily  be rever sed, a more severe chemical tr eatment or  complete repl acement of 

the catalyst m ay be necessar y. 

In  addit ion to fouli ng and poisoning, th ere is a third  catalyst  deact ivat ion process 

that  is commonly  encount ered in  indus tr ial prac t ice. This is the phenomenon 

known  as aging. Aging  involves a loss in specific act iv ity because  of a loss in 

catalyst  su r face area ar ising from crys tal growth or  sinter ing processes. The ra te of 

the aging process becomes more  rapid as the temperatur e increases. It  may also be 

increased by the presence of cer tain component s of the feed str eam or  product 

st ream or  of tr ace cons tituent s of the catalyst. In s ome cases a flux or  glaze capable 

of blo cki ng catalyst pores may be produced. 
 

Various  schemes have been proposed for  classifying  poisons, but  the one that  is 

perhaps the most  convenient  for  chemical engineers in terested in  reactor  design is 

the classificat ion in  terms of the mann er by which  the poison affects chemic al 

act iv ity. In  these term s one can dist ingu ish  between four  general bu t  not  sharply 

di fferentiated classes. 
 

Deposi t ed  poi sons or  Di f fusi on  poi son s 
 

This phenomenon is closely ak in  to catalyst  fouli ng. Blocka ge of pore mou ths 

prevents fu ll  use of the in ter ior  su r face area of the pellet. Ent rained dust  par tic les 

or  mater ials that  can react  on the catalyst  to yield a solid  residue give rise  to th is 

type of poisoning. Carbon deposit ion  on catalysts  us ed in the petr oleum indus try 

fal ls in to this category. The carbon covers  the act ive sites of the catalyst  and may 

also par t ial ly plug  the pore entrances. This type of poisoning is at  least  par t ially 

reversi ble, and  regenerat ion can be accompl ished by bur ning to CO and CO2 with 

air  and/o r  steam.  The regenerat ion  process itself  is  a heterogeneous react ion, a 

gas-solid  noncataly t ic one. In  the design, of the reactor,  at tention  must  be given  to 
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the regenerat ion as well as to the reaction par ts of the cycle. 
 

I n t r i n si c  ac t i v i t y  poi sons or  Chem i sor bed  Poi sons 
 

These poisons decrease the act iv ity of the catalyst f or  the pri mary chemical react ion 

by vir tue of their  direct  electronic or  chemical  in fluence on the catalyst  sur face or 

act ive sites. The mechanism  appears  to be one that  invo lves coverage of the act ive 

sites by poison mole cules,  remo ving the possibili ty that  these sites can 

su bsequently  adsorb reactant  species. Common examples of this type of poisoning 

are the act ions of compounds of element s of the groups Vb and  VIb  (N, P, As, Sb, 

O, S, Se, Te) on metallic  catalysts. 
 

Sel ec t i v i t y  poi son s 
 

These poisons  decrease the select iv ity of the catalyst for the ma in react ion. In many 

cases im pur it ies in  the feed str eam will  adsorb on the catalyst  su r face and then act 

as catalysts for  undesirable side reactions.  The classic  exampl es of poisons of this 

class are heavy metals such  as Ni,  Cu,  V, and Fe, which  are present in  petr oleum 

stocks in  the form  of organome tallic  compounds such  as porphyr ins. When these 

feed stocks are subjected to catalyt ic crack ing, these organometallic  compound s 

decompose and deposit  on and within  the catalyst . The metals then act  as 

dehydrogenation  catalysts. The product  distribu tion is markedly  affected, resu lt ing 

in  lower  yields of gasoline and  h igher yields of l ight  gas, coke, and  hydrogen. Very 

sma ll poison concentrat ions  su ffice to produce large changes in s elect ivity. In  cases 

where a large num ber of parallel and ser ies react ions are involved, the poison 

adsorbed is thought to change the act ivat ion  energy barr ier  for  some of the 

competit ive in term ediate steps, resu lt ing in  inc reased ra tes of undesirabl e side 

react ions relat ive to th at of  the primary  reaction. 
 

St abi l i t y  poi sons 
 

These poisons decrease the stru ctu ral stabi l i ty of the catalyt ic agent or  of the 

car r ier by facil i tat ing recrystalli zat ions and oth er structur al  rearr angement s. Steam 

acts as this type of a poison  for  si lica-alumina gel catalysts. The steam acts not  so 

mu ch  by reducing  the in tri nsic  act iv ity per unit  su r face area, bu t by reducing  the 

act ive area, thus decreasing the act iv ity per unit  weight  of catalyst . The 

temperatur e at  which  the reactor  operates has  a mar ked effect  on stabi l i ty 

poi soning. Sinter ing, localized melt ing, and recrystall izat ion occur  much  more 

rapidl y at high temperatur es than at low temperatures. 
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Heterogeneous Reactions 
 
 

Å For heterogeneous systems, there are two 
complicating factors that should be accounted for 
rather than in homogeneous systems. 

 

Å The complication of the rate 
secondly the complication of 
patterns for two phase systems. 

expression and 
the contacting 

 

Å Since more than one phase is present, the 
movement of material from phase to phase must 
be considered in the rate equation. 
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Å Thus the rate expression in general will 
incorporate mass transfer terms in addition to 
the usual chemical kinetics term. These mass 
transfer terms are different in type and numbers 
in the different kinds of heterogeneous systems; 
therefore no single rate expression has general 
application. For example; the burning of carbon 
particle in air, how many rate steps are involved? 

 

Å C + O2 CO2 
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Å The figure shows us that there are two steps in 
series; mass transfer of O2 to the surface 
followed by reaction at the surface of particle 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Burning of carbon particle 
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Å In aerobic fermentation, how many rate steps 
are involved when air bubbles through a tank 
of liquid which contains dispersed microbes 
and is taken up by the microbes to produce 
product. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: Fermentation reaction 
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Å There are about 7 possible resistance steps, but 
only one involving the reaction. how many you 
choose to consider depends on you and the 
situation. 

 

Å To get an overall expression, write the individual 
rate steps on the same basis (unit surface of 
burning particle, unit volume of fermenter, unit 
volume of cell, etc) 
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Å Or 

Å Or 
 
 
 
 

Å Now put all the mass transfer and reaction steps 
into the same rate form and combine; 

 
 
 
 

Å Or 
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Å And if the steps are in series as in the previous 
examples; roverall =r1 = r2 = r3 

Å if they are parallel; roveral = r1 +r2 

Å Consider steps in series, in general if all steps are 
linear in concentration, then it is easy to combine 
them. But if any of the steps are nonlinear, then 
you will get a messy overall expression. You may 
try to bypass this nonlinear step in one of the 
various ways. 

 
 
 

8 



Å Approximating the rA versus CA curve by a first-
order expression is probably the most useful 
procedure. Another point: in combining rates the 
concentration of materials at intermediate 
conditions are not known, these are the 
concentrations which are eliminated in combining 
rates. 

 

Å Overall rate for a linear process. Dilute A diffuses 
thru a stagnant liquid film onto a plane surface 
consisting of B, reacts there to produce R which 
diffuses back into the main stream. 
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Å Develop the overall expression for the liquid/solid 
reaction. A(l) + B(s) => R(l) which takes place on 
the flat surface. 
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(1) 

( 

 
 
 
 
 
 

Å By diffusion the flux of A to the surface is 

Å Reaction is first-order with respect to A, based on 
unit surface: 

Å At steady-state the flow rate to the surface is
2) 

equal to the reaction rate at the surface (step in 
series) so rAΩΩ1 = rAΩΩ2 and from (1) and (2) 

 
 
 
 
 

(3) 
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Å Replacing (3) into (i) or (ii) and eliminating CA 
which cannot be measured, we get; 

 
 
 
 
 
 
 
 

Å This shows that 1/kl and 1/kΩΩ are additive 
resistances. The addition of resistances to obtain 
an overall resistance is only possible when the 
rate is a linear function of the driving force and 
when the process occurs in series. 
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Overall rate for a nonlinear process 
 

Å When we make just one change; the reaction is 
second order; 

 

Å Combining the reaction steps to eliminate CA as 
was done previously is not so simple now, it 
gives; 

 
 
 
 

Å Contacting patterns for two phases 
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Å There are many ways that two phases can be 
contacted, and for each the design equation will be 
unique. When real flow deviates considerably from these, 
we can do one of two things: (i) we may develop models to 
mirror actual flow closely, or 

 

Å (ii) we may calculate performance with ideal patterns which 
"bracket"  actual flow. Fortunately, most real reactors 
for heterogeneous systems can be satisfactorily 
approximated by one of the five ideal flow patterns 
of the Fig. below. Notable exceptions are the 
reactions which take place in fluidized beds. There 
special models must be developed. 
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Å In reactor design and scale-up, it is essential to select 
a flow model which reasonably represents our setup. 
When you pick a non-representative model and then 
do computer calculations to the nth degree of 
accuracy, you will be surprised when design and 
scale-up do not agree with the predictions. A simple 
reasonable model is much better than a precise and 
detailed model which does not represent the 
contacting. Often the choice of a good flow model 
and the knowledge of how the flow pattern changes 
with scale-up spells the difference between success 
and failure. 
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Å There are two broad classes of catalysts: those 
that operate at close to ambient temperature 
with biochemical systems, and the man-made 
catalysts that operate at high temperature. 

 

Å The biochemical catalysts, called enzymes, are 
found everywhere in the biochemical world 
and in living creatures, and without their 
action no life could exist at all. In addition, in 
our bodies hundreds of different enzymes and 
other catalysts are busy at work all the time, 
keeping us alive. 
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Å The man-made catalysts, mostly solids, usually 
aim to cause the high-temperature rupture or 
synthesis of materials. These reactions play an 
important role in many industrial processes, 
such as the production of methanol, sulphuric 
acid, ammonia, and various petrochemicals, 
polymers, paints, and plastics. 

 

Å It is estimated that well over 50% of all the 
chemical products produced today are made 
with the use of catalysts. 
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Å Consider petroleum. For example, since this consists of a 
mixture of many compounds, primarily hydrocarbons, its 
treatment under extreme conditions will cause a variety 
of changes to occur simultaneously, producing a 
spectrum of compounds, some desirable, others 
undesirable. 

 

Å Although a catalyst can easily speed the rate of 
reactions still  when a variety of reactions are 

encountered, the 
most important characteristic of a catalyst is its 
selectivity. 

 

Å By this we mean that it only changes the rates of 
certain reactions, often a single reaction, leaving the 

rest 
unaffected. Thus, in the presence of an appropriate 
catalyst, products containing predominantly the 
materials desired can be obtained from a given feed. 
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Rate equations for surface kinetics 
 
 
 

Å Various theories have been proposed to explain 
the details of the way catalysts operate (read 
them). We simply assume that we have a catalyst 
available to promote a specific reaction and we 
wish to evaluate the kinetic behaviour of 
reactants in the presence 

 

of the catalyst and then use this information for 
design. 

 

Levenspiel puts about 5 theories while RichardsonΩs 
give 3 
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Å Levenspiel: (i) Surface kinetics ς happens at the interior or 
exterior surfaces of the particle 

Å (ii) Pore diffusion resistance ς what may cause the interior of pore to 
be starved of reactant 

Å (iii) Particle ҟT ς temperature gradient within the particle 

Å (iv) Film ҟT - between the outer surface of the particle and he main 
gas stream 

Å (v) Film Diffusion - resistance/conc. gradient across gas film 

Å RichardsonΩs give 3 mechanisms: (i) Knudsen Diffusion ς when gas 
molecule diameter larger than pore diameter, collisions bΩtn. gas 
molecules become more preferred 

Å (ii) Molecular diffusion ς When gas molecules are smaller than pore 
diam. Collisions between molecules become more important. 

Å (iii) Surface Diffusion ς when a gas is adsorbed on inner surfaces of pore 
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Å Because of the great industrial importance of catalytic reactions, 
considerable effort has been spent in developing theories from which 
kinetic equations can rationally be developed. The most useful for our 
purposes supposes that the reaction takes place on an active site on the 
surface of the catalyst. 

Å Thus three steps are viewed to occur successively at the surface. 

Å Step 1. A molecule is adsorbed onto the surface and is attached to 
an active site. 

Å Step 2. It then reacts either with another molecule on an adjacent site 
(dualsite mechanism) 

Å Step 3. Products are desorbed from the surface, which then frees the site. 

Å In addition, all species of molecules, free reactants, and free products as 
well as site-attached reactants, intermediates, and products taking part in 
these three processes are assumed to be in equilibrium. Rate expressions 

derived from various postulated mechanisms are all of the form 
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Å For example, for a reaction; 
 

Å Occurring in inert carrier U, the rate 
expression when adsorption of A control is; 

 
 
 
 
 
 
 
 

Å When chemical reaction between adjacent 
site  

attached molecules of A and B control it is 
 
 
 
 
 



 
 

Å Each detailed mechanism of reaction with its 
controlling factor has its corresponding rate 
equation involving anywhere from three to seven 
arbitrary constants, the K values. These complicated 
equations shall not be used but we shall use the 
contact time or space time instead. 

 

Å Pore diffusion resistance combined with surface 
kinetics 

 

Å First consider a single cylindrical pore of length L, 
with reactant A diffusing into the pore, and reacting 
on the surface by a first-order reaction taking place 

 
 
 
 
 



 

 

Å At the walls of the pore and the product diffusing 
out of the pore 

 

Å The rate is given by; 
 

The flow of materials into and out of any section of 
pore is shown in detail in Fig. 3. At steady state a 
material balance for reactant A for this elementary 

 

Å section gives; 

Å output - input + disappearance by reaction = 0 
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Å Or in eqn form; 
 
 
 
 
 
 
 
 

Å Rearranging it gives; 

Å Taking the limit as ɲx approaches zero, 
 
 
 
 

Å In general, the interrelation between rate 
constants on different bases is 
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Å Thus for the cylindrical catalyst pore; 
 
 
 
 
 

Å In terms of volumetric units, we have 
 
 
 
 
 

Å Which is the frequently met linear differential equation 
whose general solution is; 

 
 
 
 
 

Å Where and M1 and M2 are constants 
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Å Here the boundary conditions have to be 
specified. For this system they are two; at the 
entrance of the pore, 

 

Å And at the end of pore; 

Å With the appropriate mathematical 
manipulation, Figure (18.4) is obtained; 

 

Å Where 
 
 

Å Hence the concentration of reactants within the 
pore is 
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THE RATE AND PERFORMANCE EQUATIONS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

In terms of the fluid bathing the pellet the rate of reaction of A should be of the following 

form: 



d 

 
 
 
 

THE RATE AND PERFORMANCE EQUATIONS 
 

ǒ Similarly, the rate at which the catalyst pellet 

deactivates may be written as 
 
 
 
 
 
 
 
 
 
 
 
 

ǒ where d ï Order of deactivation, 
 

m  ï Measures the concentration dependency 
 

E ï Activation energy or temperature 

dependency of the deactivation. 



 
 
 
 

The Rate Equation from Experiment 
 

ǒ Experimental devices for studying 

deactivating catalysts fal l  into two classes: 



 
 
 
 

The Rate Equation from Experiment 
 

ǒ Batch-solids devices are much preferred -

ease of experimentation. 

ǒ Deactivation is slow enough ( in  the order of 

minutes or longer) 

ǒ Sufficient data on the changing fluid 

composition can be obtained before 

exhaustion of the catalyst 



 
 
 
 

The Rate Equation from Experiment 
 

ǒ Experimental devices for studying 

deactivating catalysts fal l  into two classes: 



 
 
 
 

The Rate Equation from Experiment 
 

ǒ When deactivation is very rapid ( in  the order 

of seconds or less) then a flowing-solids 

system must be used. 

ǒ Cracking catalysts whose activity half-l ives 

can be as short as 0.1 second fal l  into this 

class. 



 
 
 
 

The Rate Equation from Experiment 
 

ǒ The method of searching for a rate equation: 
 

ǒ Start with the simplest kinetic form and see i f  

i t  f i ts the data. 

ǒ I f  i t  doesn't, try another kinetic form and so 

on. 



A 

 
 
 
 

The Rate Equation from Experiment 
 

ǒ Type of batch-solids/flowing-fluid reactor to 

use depends on whether the deactivation 

expression da/dt is concentration 

independent or not. 

ǒ Concentration independent 

ï Any type of batch solids 

ǒ Concentration dependent 
 

ï Reactor in  
unchanged 

which C is forced to stay 
with t ime 



 

Batch-Solids: Determining the Rate for 
Independent Deactivation 



 

Batch-Solids: Determining the Rate for 
Independent Deactivation 
 

ǒ Batch-Solids, Batch-Fluid. 
 

ǒ Need to develop an expression relating the 

changing gas concentration with time. 
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ǒ Batch-Solids, Batch-Fluid. 
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ǒ Batch-Solids, Batch-Fluid. 
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ǒ Batch-Solids, Batch-Fluid. 
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