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5-7 ! 

VR =Vfluid +Vcatalyst

Vfluid = "VR

Vcatalyst = 1#"( )VR
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We will assume that all reactions occur on the surface of the 

catalyst with surface reaction rate r” 

r:   pseudohomogeneous rate [moles/(volume time)] 

r”:   surface reaction rate, rate per catalyst area [moles/(area time)] 

(area/volume):   surface area of catalyst per volume of reactor [length-1] 

   

  Sg:   surface area per unit weight of catalyst [area/weight] 

  !c:   density of catalyst [weight/volume] 

    Sg !c: surface area of catalyst based on catalyst volume 
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It is often easier to measure the area per unit weight of catalyst. 

Hence the rate per weight of catalyst, r’, is also commonly used: 

r:   pseudohomogeneous rate [moles/(volume time)] 

r’:   rate per weight of catalyst [moles/(weight time)] 

(weight/volume):   weight of catalyst per reactor volume [weight/volume] 

   

"!c:   density of catalyst [weight/volume] 
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The ideal catalyst is one with the highest possible area (to 

minimise VR), thus catalyst are formulated as a powder and 

pressed into pellets (spherical, cylindrical, …). 

•! Amorphous silica (SiO2): very high surface area (# 500 m2/g) 

•! High area alumina (Al2O3): surface area up to # 200 m2/g 

•! Zeolites (aluminosilicates): have regular pore sizes, allowing to 

catalyse reactions with shape selectivity 

•! Carbon: from partially burned organic material, up to #500 m2/g 

Supported noble metals (Pt, Pd, Ag, Rh, Ni, etc.): very expensive, 

thus deposited on high-area supports 
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Reactor 

Pellet 

Pores 

Catalyst 

 particles 

Reaction 

molecules 

Variable of 

interest 

z or L in Reac. 

x within pellet 

dpore 

dparticle 

Order of 

magnitude 

1 m 

10-2 m 

10-4 m 

10-6 m 

10-10 m 

Phenomena of  

interest 

position in 
reactor 

flow around  
catalyst pellet 

diffusion 
within pores 

adsorption  

and reaction 

atomic bonds  
and orbitals 
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1.! Mass transfer of reactants from bulk fluid to the external surface of the 
pellet. 

2.! Diffusion of reactants into the pellet (through the pore). 

3.! Adsorption of reactants onto the catalyst surface. 

4.! Surface reaction of reactants to form products. 

5.! Desorption of products from the catalyst surface. 

6.! Diffusion of products from the pellet interior to the surface. 

7.! Mass transfer of products from pellet surface to the bulk fluid. 

reactants products 

bulk fluid 
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Consider a nonporous pellet, the reaction occurs on its surface: 

  

! 

4"R2( ) kmA CAb
#C

As( ) = 4"R2( ) r" = 4"R2( ) k"CAs

mole

s
[ ]

! 

C
As

=
1

1+ k
"

k
mA

C
Ab

solve 
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Starting from  

substitute CAS into r”:  
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Now consider the two possible limiting cases: 

•! Reaction limited  

•! Mass transfer limited 

CAs 
CA 

CAb 

x 
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The value of kmA can be calculated from:  

where  Shd is the Sherwood number [dimensionless], and 

 DA the diffusion coefficient of A in a fluid [m2 s-1].  

Shd depends on the reactor flow regime: 

•! laminar flow (Red < 2100) 

•! turbulent flow (Red > 2100) 
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First consider a single pore of length l and diameter dp with: 

•!  uniformly reactive walls where r” = k”CA(x) 

•! assume the end of the pore to be unreactive,  

  

! 
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Solution: 

since CA(x) is a function of position within the pore, a convenient 

way to relate it to the concentration at the pellet surface, CAs, is 

through the effectiveness factor !. 

where " is the (dimensionless) Thiele modulus:  
! 
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=
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! "(!) 

0.001 1.000 

0.01 1.000 

0.1 0.9967 

1.0 0.7616 

10 0.1000 

100 0.0100 

1000 0.0010 

log(!) log(") 

–3.0 0 

–2.0 – 1.4E-5 

– 1.0 –0.0014 

0.0 –0.1183 

1.0 –1.0 

2.0 –2.0 

3.0 –3.0 

log(!) 

log(") 
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Solving for r” we can calculate the reaction rate in terms of CAs 

where we have a set of “interesting” values: 

•! not limited by pore diffusion 

•! some pore diffusion limitation 

•! strongly limited by pore diffusion 

! 

C
A
(x) " C

As( )

! 

C
A
(x) <<C

As( )
MT 

limits 
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The derivation we have made assumes that the catalyst has 

straight, cylindrical pores.  However, pores are often irregular, 

for example when the pellets are made out of pressed spheres. 

For straight,  

cylindrical pores 

For irregular pores 

(average diameter dp) 
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The equations above for CA(x), !, and " are valid for porous 

catalyst slabs of thickness 2l. 

For spherical pellets of radius R0 

(without derivation):  

the CA(R) within the pellet is: 

with an effectiveness factor:  

and a Thiele modulus: 
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We have identified three different rate expressions depending on 

which rate coefficients control/limit the overall process: 

•! external mass transfer limited 

•! pore diffusion limited 

•! surface reaction limited  
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•! external MT limited 

•! pore diffusion limited 

•! surface reaction limited  
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Notation 1 Notation 2 Reaction rates 

Coverage balance 
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•! Adsorption 

•! Desorption 

•! Surface reaction 

Mass balances on adsorbed A and B:  
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At steady state  

and we have 2 algebraic equations in pA, pB, #A and #B.   

Solve one of them for !B and substitute !B into the other to get 

!A.  Then, recalling that for r”
R = kR !A: 

where 
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The equation obtained for the rate of a unimolecular, 
irreversible, surface reaction A $ B 

is in terms of the concentrations of A and B in the gas 
(partial pressures; easy to measure) and a combination 
of specific rate constants 

•! for adsorption/desorption: kaA, kdA, kaB, kdB, 

•! for surface reaction  kR. 
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The expression for the coverage of pure species A on the surface, 

#A, can be derived from the adsorption/desorption rates: 

coverage balance: 

at equilibrium: 

KApA 
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A similar result to the one for unimolecular surface reactions with 

two adsorbed species can be derived using L-H isotherms 

(assume the surface reaction step is limiting,  

    i.e. kR << kaA, kdA, kaB, kdB). 

Again, assume that the adsorption and desorption steps of A and B 

reach thermodynamic equilibrium, i.e.  

Solving for #A we obtain the Langmuir-Hinshelwood adsorption 

isotherm for species A: 

where 
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Recalling that r” = kR#A we can also obtain the Langmuir-

Hinshelwood rate expression for the unimolecular reaction 

A$B  

It relies on the following assumptions: 

1.! Adsorbed species compete for surface sites but do not interact 

otherwise. 

2.! There is only one type of adsorption site for all species. 

3.! Maximum coverage is of one monolayer. 
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It can be shown that when an inert component C adsorbs on the 
same sites as A and B the coverage of A is: 

If (KC pC) >> 1, (KA pA) and (KB pB) 

The reaction rate is inversely proportional to pC. 

In effect, a strong adsorption of the inert species C in the catalyst 
surface (KC high) and the presence of such an inert, strongly 
inhibits the reaction rate, i.e. it becomes a catalyst poison. 

! 

"A =
KA pA

1+ KA pA + KB pB + KC pC

! 

rR
"

=
kRKA

KC

pA

pC
= keff

"
pA pC

"1

© R. Bañares-Alcántara 

(Aug 2013) 

5-50 © R. Bañares-Alcántara 

(Aug 2013) 

5-51 

Approximation 

1 >> KA pA, KB pB 

KA pA >> 1, KB pB  

KB pB >> 1, KA pA  

KC pC   large 

k”eff 

kR KA 

kR 

kR KA / KB 

kR KA / KC 

Pressure  

dependence 

(pA)+1 

(pA)0 

(pA)+1 (pB)-1 

(pA)+1 (pC)-1 

Coverages 

#A ,#B << 1 

#A = 1 

#B = 1 

#C = 1 
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Lastly, these modelling technique can be extended to 
more complicated stoichiometries, for example a 
bimolecular surface reaction 

A + B $ C 
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Consider the following bimolecular catalysed, irreversible, 

surface reaction where Ag and Bg are species in the gas phase: 

! 

Ag " As A + S" AS r
"

= raA
"
# rdA

"

Bg " Bs B + S" BS r
"

= raB
"
# rdB

"

As + Bs $Cs AS + BS$CS r
"

= rR
"

Cs "Cg CS"C + S r
"

= rdC
"
# raC

"

Ag + Bg $Cg A + B$C

Notation 1 Notation 2 Reaction rates 

Coverage balance 
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If we assume adsorption-desorption equilibrium, i.e. if the surface 

reaction is limiting (ra = rd >> rR) the resulting Langmuir 

isotherm for species J is: 

And the reaction rate is: 
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Approximation 

1 >> KA pA, KB pB 

KA pA >> 1, KB pB  

KB pB >> 1, KA pA  

KC pC   large 

k”eff 

kR KA KB 

kR KA 
-1KB 

kR KA KB 
-1  

kR KA KB KC
-2 

Pressure  

dependence 

(pA)+1(pB)+1 

(pA)-1(pB)+1 

(pA)+1 (pB)-1 

(pA)+1(pB)+1(pC)-2 

Coverages 

#A ,#B << 1 

#A = 1 

#B = 1 

#C = 1 

! 

rR
" = kR"A"B = kR

KAKB pA pB

1+ KA pA + KB pB + KC pC( )
2
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k”: reaction rate 

km: external diffusion 

%(&): pore diffusion 

    &: Thiele modulus 

! 

r =
area

volume

" 

# 
$ 

% 

& 
' r' '=

area

volume

" 

# 
$ 

% 

& 
' 

k' '

1+ k ' ' k
m

C
Ab
(())

! 

k
'' = k0

''
exp "E

RT( )

! 

k
m

=
Sh

d
D
A

d

! 

" =
Sg#ck

''

DA

$ 

% 
& 

' 

( 
) 

1 2

R
0

! 

" =
3

#
$
# coth# %1

#

© R. Bañares-Alcántara 

(Aug 2013) 

5-58 

Optimum performance = maximum reaction rate 

•! k” increases as we increase temperature, but mass transfer and/
or pore diffusion can limit the rate 

•! best operation point usually  

–! when reactor begins to be mass transfer limited, i.e. km ~ k” or  

–! when pore diffusion just begins to affect the rate, i.e. & ~ 1 

•! catalyst load should be as small as possible (save money) 

•! pellet size should be as large as possible (minimise P drop) 
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•! Increase flow velocity (u) to increase external mass transfer 

rate 

•! Porous catalyst are often chosen / designed to have different 

distributions of pore diameters 

–! macropores to promote diffusion 

–! micropores to provide a high surface area, also size 

selectivity 
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