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Chapter 9 

Kinetics and transport phenomena 

Elio Santacesaria 
Deparhnent of Chemistry, University of Naples, Via Mezzocannone, 4, 80134 Napoli, Italy 

1. The kinetics of heterogeneous catalytic re- 
actions 

1.1. Definition and evaluation of reaction rate, 
mass balance equation, kinetic equation 

The performance of a chemical reactor can 
be described by two kinds of equations: the 
mass balance and the kinetic equation. The mass 
balance equation referred to the time unit for the 
component i can be written as follows: 

Input of i mass = Output of i rn;;s 
(1) 

+ Mass of i reacted 
(3) 

+ Accumulation 
(4) 

(1) 

Thus considering a reaction occurring with- 
out change in the number of moles, we can 
write the mole balance: 

dci 
Fc; = Fc; + wri + dt (4 
(1) (2) (3) (4) 

where: F is the volumetric feed rate; c: and cr 
are, respectively, the molar concentrations of i 
at the entrance and at the exit of the reactor; w 
is the catalyst weight; t the time: and r-i the 
reaction rate at which i appears (positive) or 
disappears (negative), expressed as moles of i 
per unit time per unit of catalyst weight; ci is 
the i concentration in the reactor. 

In the case of a continuous reactor operating 
in steady state conditions, term (4) of the mass 
balance can be ignored. On the contrary, in the 
case of a batch reactor, terms (1) and (2) must 
be neglected, while, in the case of a semibatch 
reactor term (2) is normally null. It is easy to 
recognize that the reaction rate contained in 
term (3) can be determined in different ways 
according to the type of reactor where it is 
measured. For a well mixed batch reactor we 
have, as a matter of fact: 

1 dc, 
ri= f-- 

W dt 
moles of i appeared/disappeared 

= 
unit of catalyst weight X unit of time (3) 

while, for a well-mixed continuous reactor 
(CSTR), we will have: 

F( c’ - c;) 
Yi = 

W (4) 

In the case of a continuous tubular reactor, 
the reaction rate changes along the catalytic 
bed. Therefore, the mass balance must be ap- 
plied, in this case, to an infinitesimal part of the 
reactor, that is for example dW. Then, we will 
have: 

dci 
ri=F- 

dW 

In each point of the reactor we 
different reaction rate depending on 

(5) 
can have a 
the compo- 
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sition of the reaction mixture and on the temper- 
ature at that point, that is: 

ri = f (composition, temperature) (6) 
This function is the kinetic equation or rate 

law indispensable for describing the behaviour 
of all the types of reactor mentioned and for 
modeling them. The kinetic equation for a given 
reaction can be determined only by collecting 
and processing experimental data under differ- 
ent operative conditions. However, before deter- 
mining the kinetic equations of the reactions 
involved in a process, it is opportune to individ- 
uate the reaction scheme and the stoichiometry 
of each single reaction. 

1.2. Reaction scheme, stoichiometry, thermody- 
namic constraints, analysis of the reaction net- 
works 

Two or more reagents put in a reactor could 
give more products than expected. We can iden- 
tify the products by analysis and determine 
them quantitatively, however, often we don’t 
know their origin, that is, we ignore how many 
and what kind of reactions have occurred. 
Therefore, the first step of a kinetic study must 
be the identification of the reaction scheme and, 
consequently, of the stoichiometry of each reac- 
tion. A reaction scheme could be very complex; 
however, it will always be recognizable as a 
combination of more single schemes of the 
type: 

a) Single reactions A + B (7) 
A+B+C+D (8) 
b) Equilibrium reactions A t) B (9 

c) Simultaneous reactions A /‘B 

kc (10) 

d) Consecutive reactions A + B + C (11) 
The stoichiometry of a single reaction allows 

the correlation of the rate of appearing or disap- 
pearing of any reagent or product with the 

kinetic equation. If we have, for example, the 
reaction 

aA+bB+mM+nN (12) 

The kinetic equation will be r = f (composi- 
tion temperature). 

The rate of appearing products or disappear- 
ing reagents will be: 

ri = cqr (13) 

where oi is the stoichiometry coefficient, posi- 
tive for the products and negative for the 
reagents. 

If products and reagents are involved in more 
than one reaction, each occurring with own rate 
and stoichiometry ri becomes: 

i 
ri = C aijrj 

i= 1 

where, in this case, oij is the matrix of the 
stoichiometric coefficients. An example could 
be the oxidation of butene to maleic anhydride 
occurring with the following simplified scheme: 

butene + O2 4 butadiene -f; maleic anhydride 

(Al) ( @; h ‘“I,“’ 1 (02) +” Ar5 (A41 

+ 2 (+02) 
CO2 + Hz0 
WI 046) 

(15) 

The matrix of the stoichiometric coefficients, 
oij, is: 

j\i Ai A, A, A, A, A, 
1 -1 -l/2 1 0 0 1 
2 -1 -6 0 0 4 4 
3 0 -5/2 -1 1 0 2 
4 0 -11/2 -1 0 4 3 
5 0 -3 0 -1 4 1 

(16) 
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As a consequence, we can write: 

dPAl dpAl ’ 5 
- 

d7 
-rl - Y* -= --r,-6r,--r, 

dT 2 2 

11 
- -r4 - 3r, 

2 

dp,g dpA4 dP& 

dr 
= r, - r3 - r, 7 = r3 - r - 

5 dr 

= 4( r2 + r, + r5) 

dpA6 
- = r, + 4r, + 2r, + 3r, + r5 

dr (17) 

Where 7 is a function of the residence time 
= W/F and pi are the partial pressures of the 
reaction components. As it can be seen, the 
problem comes back to the determination of the 
five kinetic equations ri = f (composition, tem- 
perature). If the kinetic equations rl to rs are 
known, it is possible to reproduce the evolution 
of any single specie along the catalyst bed by 
simultaneously integrating the system of differ- 
ential Eqs. (17). 

When in a reaction scheme, equilibrium reac- 
tions occurs, the yields of the products involved 
in these reactions are subjected to thermody- 
namic constraints. It is possible to define theo- 
retically those yields also in the case of a com- 
plex reaction scheme. In this last case, we iden- 
tify, with a simple procedure, the reactions that 
could be considered thermodynamically inde- 
pendent and that justify the presence of the 
observed products. Then, the equilibrium con- 
stants of the reactions are determined from data 
of free energies of reagents and products. The 
thermodynamic constraints must be introduced 
in the kinetic equation. For a second order 
reaction of the type A + B ++ M + N, for exam- 
ple, we will write: 

(18) 

where k, is the kinetic constant of direct reac- 
tion and K, is the equilibrium constant of the 
reaction. 

1.3. DifSusion, adsorption and surface reaction 
steps in the heterogeneous catalysis. The rate 
determining step and the steady state assump- 
tion applied to a reaction sequence 

Reaction rates in heterogeneous catalysis can 
be affected by mass transfer or adsorption rates. 
As a matter of fact, the reactions normally occur 
between molecules adsorbed on the catalytic 
surface. Before and after the reaction, we can 
imagine the following steps: 

(1) External diffusion of reagents (depends 
on the fluid dynamic characteristics of the sys- 
tem). 

(2) Internal diffusion of reagents (depends on 
the porosity of the catalyst, on the size and 
shape of catalyst particles and occurs together 
with the surface reaction). 

(3) Adsorption (depends on the possible in- 
teraction between molecules and the catalyst 
surface. 

(4) Chemical reaction on the surface. 
(5) Desorption (as in case c). 
(6) Internal diffusion of products (as in case 

b). 
(7) External diffusion of products (as in case 

a). 
Each of the mentioned steps could affect 

reaction rates. In the experiments performed in 
laboratory reactor, operative conditions are nor- 
mally selected in such a way to limit the effect 
of diffusion (steps 1, 2, 6, 7) at a negligible 
level. However, the effect of diffusion on kinet- 
ics will be examined in detail in a next chapter. 
It remains to analyze the contribution of steps 3, 
4 and 5 to the reaction rate. First of all, it must 
be remarked that the surface chemical reaction 
normally occurs through a series of elementary 
steps (reaction mechanism) the slowest of which 
occur at the same rate of the overall reaction 
(rate determining step). In the reaction se- 
quences of the mechanism different unstable 
species could be formed. These species quickly 
react and their concentrations remain rather low. 
It can be assumed that the concentration of 
these species is quite constant, that is, the rate 
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of their formation is equal to that of disappear- 
ance. The assumptions of steady state condi- 
tions applied to unstable species and that of the 
rate determining step are very useful for obtain- 
ing kinetic equations based on the reaction 
mechanism, and containing concentrations of 
molecular species that can easily be determined 
by analysis. These two hypotheses are of gen- 
eral use and can also be extended to the adsorp- 
tion and diffusion steps, as it will be seen. 

1.4. Kinetic equation from the mechanisms of 
chemical adsorption and chemical surface reac- 
tion respectively. The Lungmuir-Hinshelwood 
kinetic model 

Chemical adsorption and desorption can be 
considered elementary steps that intervene be- 
fore and after the reaction on the catalytic sur- 
face, respectively. We can write, for example, 
that the species A reacts with a free catalytic 
site, of, as follows: 

k, 
A + ur t) a, 

k-A 
(19) 

being o, a site occupied by A as a consequence 
of the chemical adsorption. 

The adsorption rate referred to the total num- 
ber of sites will be: 

Uf UA 
rA=kApA- -k_,- 

at 5 

By introducing 0, = uA/ut = A coverage 
fraction and remembering that o, = aA + of, we 
have of/u, = (1 - a,>, hence: 

rA = k,p,(l - 0,) - k_*OA (21) 
At the equilibrium, this rate is null, therefore: 

where NC is the number of components com- 
peting in adsorption. If the surface reaction is 
slow compared with adsorption steps we can 
consider these last at the equilibrium. Let us 
consider the surface reaction A,, --j Bads: the 
reaction rate will be proportional to the A cov- 
erage degree O,, that is: 

k A 
bA=-= 

@A and 0, = bA PA r=kO, andhence r=k 
bA PA 

1 +bA?‘A 
(27) 

k-A PA(’ - @A) ’ + bAPA 
When bA pA -=z 1, at low coverage, 0, + 0, 

the reaction becomes pseudo first order, while if 
bA pA z+ 1 at high coverage, 0, + 1, the reac- 
tion becomes pseudo zero order. 

In the intermediate cases, the reaction order 
appears a fractional number between 0 and 1. If 

Relation (22) is called the ‘adsorption 
isotherm of Langmuir’ and is valid rigorously 
for a homogeneous surface and for localized 
adsorption without lateral interactions between 
the adsorbed molecules. When these conditions 
are not present other isotherms must be consid- 
ered such as that of Ternkin, Freundlich, Fowler, 
etc. However, the Langmuir isotherm is particu- 
larly useful in kinetics because it well describes 
the competition of different molecules in ad- 
sorption. Suppose, for example, that two species, 
A and B, are involved in the adsorption. We 
will have, in this case: 

rA = kA(l - 0, - O,)p, - k_*OA (23) 
rB = kB( 1 - 0, - OB)pB - k_,O, (24) 

At the equilibrium, both adsorption rates are 
null and hence: 

0, = 
bA PA 

1 +bAPA+bBPB 

0, = 
bBPB 

1 + b,pA+bBpB 
(25) 

In the case of more components, for a generic 
i component, we can write: 

b,Pi 
q = NC 

l + C jbjPj j= 1 

(22) 
bA being the adsorption equilibrium constant. 
This constant depends on the temperature with a 
Van ‘t Hoff law type, that is, bA = b,“exp 
( -A H/RT). 
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other molecular species compete in the adsorp- 
tion on the catalytic sites they show an in- 
hibitory effect on the reaction and the reaction 
rate becomes: 

kbi Pi 
?-= 

1 + F jbjpj 
(28) 

j= I 

This kinetic equation derived from the as- 
sumption of the surface reaction as slow step 
and the adsorption at equilibrium, according to 
Langmuir, is called Langmuir-Hinshelwood 
(LH) kinetic model. 

The same mechanism applied to a bimolecu- 
lar reaction of the type A + B + C will show 
the following kinetic equation: 

Y = k,O,O, = 
k&J% PA PB 

(1 + Ig:bjPj]2 (29) 

When the adsorption occurs with dissocia- 
tion: 
A, + 2u,++ 2u, PO) 
we will have: 

rA = k, pA( 1 - 0,)’ - k_#; 

At equilibrium r,, = 0, therefore: 
(31) 

@ = lJbAPA 
A 1+,p, (32) 

Consequently, the surface reaction rate (27) 
will change accordingly. 

Another possibility is that a chemical species 
requires more than one catalytic site to give 
reaction, for example, two sites could be re- 
quired and the adsorption on the second site is 
slow (dual site mechanism): 
A+u,++Aa (33) 
Au+u,+Au, (34) 

In this case, we can write: 

r=k,O,@= k,@,(l - 0,) = 
krbA PA 

(I +- bAPA)2 

(35) 

When an adsorbed molecule reacts with an- 
other coming from the fluid phase we have the 
Rideal mechanism, that is: 

A u + B + products (36) 

r= k,O,p, = 
kr bA PA PB 

1 + bAPA 

Many catalytic oxidations occur through the 
redox mechanism in which the following reac- 
tion steps take place (Mars and Van Krevelen 
mechanism): 

(38) 

where, O,, and O,, are the fraction of oxidized 
and reduced sites, respectively. We can write 
O,, + O,, = 1, then, by introducing the steady 
state assumption, that is, rl = r2 we have 

(39) 
Remembering that Ored = (1 - O,,) it is pos- 

sible to evaluate O,, and then the reaction rate 
r,: 

k,k, PA PA<’ k,pA 
r, = = 

k,pA+ k2dii2 
(40) 

We can also have a mixed mechanism if the 
active sites are occupied by inactive molecules 
formed during the reaction, for example water. 
It is sufficient in this case to write Ored + O,, + 
0, = 1. The reaction rate equation will be- 
come: 

(41) 
1.5. Kinetics for complex reaction systems 

In a complex reaction system, we can find: 
(i) equilibrium reactions, (ii) simultaneous reac- 
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tions and (iii) consecutive reactions. The be- 
haviour of the single reactions has already been 
described, let us now consider the equilibrium 
reactions and imagine the occurrence of the 
more simple equilibrium reaction 

A-B (42) 
if reaction rate is slow compared with adsorp- 
tion and desorption rates: 

r=k,[O*- On/z&] (43) 

and consequently: 

(44 

where K, is the equilibrium constant in the gas 
phase. Relation (49) can directly be obtained by 
introducing 0, and 0, derived from the Lang- 
muir isotherm. In the same way for a reaction of 
the type A + B f) C + D obeying to a second 
order law we obtain: 

When the react; rate is comparable with 
the adsorption and desorption rate the kinetic 
equation becomes much more complicated. 

In the case of simultaneous reaction we have: 

(46) 

where rA = - rl - r2; rB = r-i = k,O,; r, = r2 
= k2aA and 

0, = 
bA PA 

1 + Cjbjpj (47) 

These reactions are easily recognizable be- 
cause r1/r2 = k,/k,. 

In the case of consecutive reactions, we have, 
for example: 

A&SC (48) 
Hence: 

rA= -rl = -k,O, (49) 
r,=r,-r,=k,O,-k,O, (50) 
r,=r,=k,O, (51) 

Where 0,+0,+0,=1 and Oi can be 
expressed as in relation (26). 

Consecutive reactions are recognizable be- 
cause the concentration of the intermediate 
species such as B at different residence times, 
passes through a maximum. 

1.6. The collection and processing of kinetic 
data with the aim of determining ,the kinetic 
equation 

The main scope of the collection and process- 
ing of kinetic data is normally the evaluation of 
the kinetic equation, that is, the relation accord- 
ing to which the reaction rate depends on tem- 
perature and composition. Only when this equa- 
tion is known, the parameters appearing in the 
equation can be determined. The two mentioned 
problems are different, it is opportune, there- 
fore, to solve them with different approaches. 
Sequential experiences can be planned in order 
to determine the functional form of the kinetic 
equation by considering the influence of the 
different variables individually. In particular, 
experiences are useful in differential tubular 
reactors, continuous stirred tank reactor (CSTR) 
or tubular reactors with external recirculation 
because they allow a simple elaboration of the 
reaction rate data. However, also the integral 
tubular reactor can usefully been used with 
some difficulty. In this case, the conversion data 
must be related to the residence time, W/F, in 
polynomial relations of the type: 
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The parameters a, b, c, d, etc. can be evalu- 
ated by mathematical regression analysis of the 
experimental data. The derivative dX/d( W/F), 
corresponding to the reaction rates, can easily 
be calculated from relation (52) and applied to 
determine the exponent of a kinetic power law. 
For a reaction A + B -+ C the power law could 
be: 

7 = kp,” &PC’ (53) 

where IX, p, y can be small integers, fractions, 
positive, negative or zero and give information 
on the form of the rate law. 

The problem of the integral reactor is to 
achieve isothermal conditions in each point of 
the reactor. 

A suitable experimental design (i.e. factorial, 
central composite, etc.) should be planned to 
allow a uniform exploration of the operating 
variables space and to obtain efficient estimates 
of the kinetic parameters by regression analysis. 

Special techniques can be used to discrimi- 
nate among rival models when present. 

I. 7. Determination of kinetic parameters 

The kinetic equation must be derived from 
experimental data of reaction rates, measured 
under different operative conditions, after the 
introduction of a reliable hypothesis of a reac- 
tion mechanism and the assumption of a rate 
determining step. In this way, the kinetic equa- 
tion has a physical meaning and the parameters 
appearing in the relation would obey to the 
thermodynamic constraints. Elementary steps, 
for example, cannot be trimolecular or more, 
activation energy must be a positive number in 
the range 5 to about 50 Kcal/mol correspond- 
ing to the strength of the chemical bonds. Val- 
ues lower than 6-7 Kcal/mol suggest external 
diffusion limitation, as values greater than 50 
Kcal/mol are suspected of the existence of 
thermal gradients. The pre-exponential factor 
would be inferior to the number of collisions of 
the molecules on the catalytic surface per time 
unit and per surface area unit. This number can 

easily be calculated with the aid of the kinetic 
theory of gases. Adsorption equilibrium parame- 
ters depend on the temperature as follows: 

b, = byexp( - AH/RT) 

= exp( AS/R)exp( - AH/IV) (54) 

The adsorption enthalpy change AH would 

Any model can give support to a mechanistic 
theory but not demonstrate it. We can only state 
that a model is not in contrast with a theory or 
better that the particular experimental plan we 

be negative and falling in the range - 5 to - 50 
Kcal, typical of the chemical bonds involved in 
the chemical adsorption. The adsorption entropy 

did execute did not allow us to discard it. 

change A8 would be greater than the transla- 
tional entropy and smaller than the overall en- 
tropy of the molecule in the gas phase. Both 
values can easily be calculated. A mechanistic 
model should have physically meaningful pa- 
rameters. 

1.8. Effects on kinetics of catalyst dispersion, 
sintering and poisoning 

The specific surface area of a catalyst in- 
creases with dispersion. The dispersion of a 
metal on a support, for example can be defined 
as the ratio between the atoms on the surface 
and the total atoms of the metal. But the surface 
atoms have different positions and properties. 
We can have atoms on a vertex, atoms on a 
comer, atoms on a plane, adatoms and so on. 
The distribution of the different types of atoms 
can change strongly with the dispersion. Conse- 
quently, if a reaction is catalyzed on sites whose 
concentration strongly change with dispersion, 
specific activities for this reaction will strongly 
be affected from catalyst dispersion (reaction 
structure sensitive or demanding) while, on the 
contrary, when the reaction occurs on all the 
surface atoms, specific activities do not change 
with dispersion (reaction insensitive or facile). 
If more than one reaction occurs dispersion 
could affects selectivities, too. This fact, gives 
an explanation of the bed reproducibility in the 
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behaviour of some catalysts and for the change 
in the activity and selectivity as a consequence 
of sintering. 

Catalyst poisoning is another phenomenon 
responsible for changing activities and selectivi- 
ties. Permanent poisons give strong chemical 
bonds with the catalytic sites and quickly de- 
crease the activity to zero. This behaviour can 
successfully be applied to determine the density 
of active sites on a catalyst surface. Temporary 
poisons are, on the contrary, molecules competi- 
tively adsorbed with equilibrium on the catalytic 
sites. These molecules reduce more or less the 
activity according to the value of the adsorption 
equilibrium constant. 
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