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1.Introduction
Most of the solids used as catalysts have porous texture. Depending on the pore size distribution of the catalytic solid, some of the molecules may not have access to the total available surface area contained within the pores. Sometimes, the size and geometry of the molecules will also impose restrictions on the accessibility of the molecules to the total surface area available in small pores.   There are a variety of methods available to determine the pore size distribution in a solid.   Among these methods, adsorption of inert gases like nitrogen at its boiling point is widely used method employing a procedure developed by Barret, Joyner and Halenda (BJH) and the details of this procedure can be seen in the original literature.   Other physical methods like the pressure porosimeter and density measurements are also resorted to obtain the total pore volume in a given solid. The pores can adopt a variety of geometries and it is usually visualized as though the pores are cylindrical in shape though this may not be true.
Under the conditions in which a catalytic reaction takes place, it is possible that the transport of the gaseous molecules through the porous structure may be comparable with the rate of the chemical reaction and hence can influence the observed kinetics.   It is therefore necessary to consider the various modes of transport of gaseous molecules through porous media. Normally the rate at which molecules diffuse through porous media is less than that associated with the translational velocity of the molecules.  This is due to the collisions with the pore walls and with other molecules during their motion through the catalyst texture resulting in a completely random motion.
There can be essentially three different types of mass transport in porous solids.
1.Knudsen Flow:
When the mean free path of molecules is considerably greater than the pore diameter, Knudsen flow is the predominant mode of molecular transport.   This will be the situation when the catalytic reactions are carried out at moderate pressures with small pores. For example, the mean free path of a molecule with a diameter of 2 Å is of the order of 10-5cm and many catalysts with pore diameter in the range of 100 Å and hence Knudsen flow will predominate for these molecules at and around atmospheric pressure.   Under the Knudsen flow conditions the collision of the molecules with the walls of the pores is predominant and the reflections from the walls obeyed the cosine law and the number of molecules crossing unit area in unit time is given by
Ncu/4 = p/√2πMRT
Where Nis the Avogadro’s number, c is the concentration, u is the mean Maxwellian velocity and p the pressure at the plane under consideration.  And hence the rate of flow along the length of λcapillary will be proportional to the pressure gradient between two places at a distance and hence of the concentration gradient.
Therefore, Knudsen diffusion coefficient DK can be defined as
                      DK = (2/3) r {8RT/πM)1/2} = (2/3) r u
Where u is the mean Maxwellian velocity.
(i) Bulk Flow of Gases
If the pore diameters are of the order of 10-4 cm and at atmospheric pressure the man free path is about 10-5 cm then collision between the molecules is predominant and hence rate of diffusion will be independent of the pore radius.   The net flow of one set of molecules in one direction will be given by 
∆nA/δt = (n u/3) λδcA/δx
And since there will be equal number of molecule of another kind will pass through the same area in the opposite direction, the diffusion coefficient for bulk flow can be defined as
   DB = (1/3) λ u.
(ii) Forced Flow
The two diffusive processes that are considered namely Knudsen and bulk flow processes are independent of the total pressure differences across the pore. If a pressure difference is maintained, forced flow occurs and when the mean free path of the molecule is large compared to the pore diameter then forced flow is indistinguishable from Knudsen flow and is not affected by pressure differentials. But if the mean free path is small compared to the pore diameter and a pressure difference is maintained then in addition of the bulk flow there will be a flow due to the pressure difference.   The relationship for the forced flow resulting by such a pressure difference has been deduced by Hagen and Poiseuille. The difference coefficient for forced flow has been written as
       DP  = r2CTRT/8η
Where r is the cylindrical pore radius, η is the viscosity and  cT refers to the concentration.
However unless the reaction is carried out at high pressures and the pressure drop necessary to maintain flow through the packed reactor is sufficient to cause forced flow through the capillaries of the catalyst pellet, the gas flow will be diverted through the exterior of the pellet.   So under these conditions the reactants reach the interior surface of the catalyst by Knudsen or bulk flow.
It is clear if the diffusion into the catalyst particle is fast compared to the chemical reaction then the entire internal surface of the catalyst will be available for the reaction.   However if on the contrary if one were to use an active catalyst, then the reaction will be fast and the reactants will be converted into products before they had time to diffuse into the pores and the majority of the reaction will occur in the pore mouth or periphery of the catalyst pellet and the interior pore structure is not utilized.
Thiele developed the differential equations, the solutions of which describe the variation of concentration along the length of the pores of different pellet shapes.   Wheeler extended Thiele’s treatment in such a way that the equations would be adaptable to a practical catalyst pellet.   Only a few important cases will be considered where the conclusions can be drawn on reaction rates in commercial catalysts.
Case 1 A Single Cylindrical Pore
Consider a single open-ended cylindrical pore of radius r and length 2L. The concentration of the reactant at the pore mouth is (L = 0) is C0. Now consider any volume element δx in the cylindrical pellet.   Under steady state, the change in mass flow rate of the reactant in and out of this section must be equal to the rate of the reaction. If the reaction is assumed to be first order, then the change in mass flow rate as a result of diffusion alone the pore length will be
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Where C is the concentration at a point X alone the pore and D is the diffusion coefficient the form of which depends on the experimental conditions (Knudsen, bulk or forced flow). Equating this to the reaction rate in a surface area (2πrδx)
    Πr2D(δ2C/δX2)δX = 2πδXk1C
Where k1 is the first order rate constant per unit area of the solid.   The boundary conditions applicable are c = c0 at L= 0 and δC/δX = at X = L. The second condition implies that at the centre of the pore there is no net flow of the reactant.   The solution to this equation is
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One can now obtain the fraction of the pore area available for the reaction by dividing the rate of the reaction by the rate of the reaction wherein there is no concentration gradient
    R0 ( = 2π L k1C0)
Fraction of the surface available for the reaction is given by
       F =  1/(h1) tanh h1
When h1 > 2 ( reaction fast small pores) F =1/h1 and the fraction of the surface available is inversely proportional to the pore length which to a first approximation is proportional to the pellet size.  
For other reaction orders similar treatment will hold good and the fraction of the available surface as a function of h can be shown
Influence of Diffusion on adsorption and desorption in pores
In this case it is reasonable to assume the first order rate constant will decrease linearly with the fraction of the surface remaining uncovered by reactants or products.
In this case the dimensionless group h0 can be defined as
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Where h00 is the value of h0 when the pore is free of adsorbed molecules.   The ratio of the activity of the pore containing adsorbate to that of the uncovered pore will be the fraction of the surface available for reaction is therefore
[image: ]
When h00 is small then the fraction of the surface available for the reaction is simply equal to √(1-θ) . This will be the case for slow reaction in large pores.
If on the other hand if the catalyst is very active, the pore mouth will be covered by the adsorbate and the reactant molecules have to travel inside the pores to reach the uncovered surface.   If the transport of the reactant molecules through the pore which are covered with adsorbate is by diffusion, then one can calculate the ratio of the rate of the reaction on the uncovered part of the pore to that on the covered part of the pore which is given as
      f = (1/1+h00θ)  [tanh(h00√(1-θ)]/ tanh h00
This is a measure of the extent to which the reaction rate is retarded by strong adsorption in small pores. If the rate is high the pores are small, the reaction is retarded by a factor 1/(1+h00).   In these cases, the temperature coefficient of the reaction will be simply the effect of temperature on diffusion since the reactant molecules have to diffuse the pore to the uncovered surface.  Hence, under the conditions the reaction rate will be proportional to √T.  In this case the value of the apparent activation energy deduced from normal treatment of data will be small since the line will be almost parallel to the abscissa.   However, at sufficiently low temperature the true value of the activation energy can be obtained from these plots since at such low temperatures the rate constant will be small and the fraction of the surface available will be near unity and hence one can obtain the true value of the activation energy.   This implies that as the temperature is increased one transforms from true chemical rate to diffusion-controlled rate.
In the case of desorption, the diameter of the pores decides the magnitude of h0 and in small pores when h0 is large and hence rate becomes proportional to √k0 and hence the apparent activation energy is only one half of its true value and desorption is accelerated. 
Reaction Rates in Spherical Particles
The assumptions are
1. The reaction is considered to be first order 2. The radius of the spherical pellet is assumed to be R.
In this case, since the reaction inside the pellet must balance the rate of diffusion into the particle, one can write the balance equation as 
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The dimensionless quantity is now φS = R √kv/De=
 If there no resistance to diffusion, the reaction rate is kvC0 per unit internal area. Since the internal pore volume of the pellet is (4/3)Π R3. The uninhibited rate of the reaction is (4/3)πR3kvC0. The ratio of the rate in the pellet to the uninhibited rate in the absence of diffusion is a measure of the fraction f of the surface available for the reaction
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When the reactants and /or products retard the reaction, the fraction of the surface available for reaction may be different from that calculated based on some assumptions like the order of the reaction. This is termed as effectiveness factor by Thiele and others.
Reaction Rates in pores of Arbitrary Shape
In most of the cases, one cannot define the porous texture in well defined manner and hence analytical solutions may not be always possible. Wheeler has considered this case wherein he considered that the experimental surface area and pore volume conform to the geometric surface area and pore volume of the model catalyst. If a pellet is a composite of N pores of length L the rate of the reaction per catalyst pellet is an N time the rate per pore.   Since the number of pores is npSx where nP is the number of pores per unit external surface area Sx then the rate RP per pellet is given by
[image: ]
And hP is defined as
[image: ]
The fraction of the surface available for reaction is then given by (1/hP) tanh hP.   The quantity measured experimentally is usually the activity per unit bulk volume of reactor.   This may be obtained by multiplying the rate per pellet by the number of pellets per unit volume. The rate per unit bulk volume is given by 
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Substituting appropriate quantities for porosity in terms of pellet density and specific volume per gram and also substituting L as (√2VP/Sx) one gets the expression for the rate for practical pellets as
[image: ]
Where aP is the pellet size.
Pressure and Temperature gradients in Porous Pellets
Depending on the stoichiometry of the reaction considered and the nature of diffusion prevalent, there can be sharp partial pressure gradients in the pores of the pellet.   The stoichiometric coefficient v decides the concentration inside the pellet as compared to the exterior and if v.1 and Knudsen diffusion is prevalent and then the pressure is greater at the centre than at the exterior surface.   In some cracking reactions v can be higher than 4 and the pressure at the centre of the pellet may be twice as that found in the bulk gas stream.
It is also possible that high temperature gradients may be present inside the pores of the pellet depending on the nature of the reaction (that is exothermic or endothermic) and the thermal conductivity of the catalyst.   Under steady state conditions the heat flux within the pore must be balanced by the heat produced by the chemical reaction and the rate of the chemical reaction must equal to the rate of diffusion of reactant into the pore. The 
[image: ]
The temperature profile within the pellet can be obtained by numerical iteration of equation together with the equation and these equations contain two independent variables (termed as α and β) namely the exponent of the Arrhenius equation and the heat generation function (-∆HDc0/kT0) The solution obtained are given in the form of plots of the ratio of inhibited and uninhibited reactions (or the fraction of the surface available for reaction and for non-isothermal cases it is referred to as effectiveness factor as a function of the Thiele modulus for spherical pellets φS = R √(kV/D0) with the independent variables being constant. Beta represents the maximum temperature difference that could exist in the particle relative to the temperature at the particle periphery and this can be written as (t-T0)max /T0.   For exothermic reaction beta is positive and the effectiveness factor can be exceed unity.  This is due to the increase in rate due to increase in temperature (due to the reaction) may compensate more than for the decrease in rate caused by the negative concentration gradient effecting a decrease in concentration towards the centre of the particle. The situation  β =0   corresponds to the isothermal case.
It is necessary to consider the possibility of diffusion in pores in designing reactors and also catalyst sizes. It may be advantageous to be able to assess the suitable pellet size for commercial reactors.   The choice of appropriate size of the catalyst pellets will give rise to fuel economy for heating purposes and also in the reactor design.
The observed orders of the reaction will also be different from the true orders of reaction if diffusion were to play a major role in catalytic reaction.   This will be true if the molecular weight of the reactants were to be different since the diffusion of the heavier reactant will be slower than that of the lighter substrates.   This will give rise to preferential concentration gradient and hence there will be additional pressure dependence of the reaction rate on the pressure of heavier substrate due to slower diffusion of this reactant.   The diffusion in the pores of the catalyst can also manifest in the Arrhenius plot.   The dimensionless quantity h contains the rate constant and more so on √k.   Hence the variation of this dimensionless parameter with reciprocal of temperature will show a gradual change of slope indicating that true activation energy is observed only at comparatively low temperatures where h is small and hence the factor tanh h becomes equal to h and so the rate depends on h2 or (hence proportional to h) and not its square root.   This transition from apparent kinetics to true kinetics is therefore can be expected (a) with increasing pore size at a fixed temperature and (b) for pores of a given size if the temperature is decreased.   Similarly, there can be a variety of parameters like surface area, pore volume on which the reaction rate may depend.   In two typical extreme cases of slow reactions in large pores and fast reactions in small pores, the observable parameters differ. This information are given in Table 1.
Table 1 Observable parameters for two extreme cases in the case of pore diffusion
	
	Reaction order
	Activation energy
	Bulk diffusion
	Knudsen diffusion

	
	
	
	Pore radius
	Surface area
	Pore volume
	Pore radius
	Surface 
area   
	Pore volume

	Slow reactions large pores
	n
	E
	r
	Sg
	Indepen
dent
	-
	-
	-

	Fast reactions small pores
	(n+1)/2
	E/2
	r1/2
	√Sg
	√Vg
	r
	Indepen
dnet
	Vg




Poisoning of the catalysts is a general phenomenon. If the poisoning were to take place homogeneously then the intrinsic activity of the pore walls will decrease as k(1-α) where alspha is the total fraction of the surface covered with poison. The ratio of the activity of the poisoned pore to the un-poisoned pore is given by
 [image: ]
Where h00 is the value of the Thiele modulus for the un-poisoned pore.   This equation is analogous to the equation of the effect of diffusion on adsorption.
Selective poisoning occurs with very active catalysts.   In this case pore mouths adsorb poison and more poison was to add an increasing fraction of the pore length becomes covered and become inaccessible to reactant molecules.   In this case the ratio of the activity in the poisoned length to the un-poisoned length has to be obtained by considering the diffusion of the reactant through the length L to the rate of the reaction in the length (1-α) L.
[bookmark: _GoBack]For more detailed discussion on the role of diffusion in pores consult the original literature
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