
 
ChE-403 Problem Set 2.3 

Week 7 
 
Problem 1 
 
We just saw that ammonia synthesis proceeded through the following sequence: 
 

 
 

We saw in class that step 1 was the rate determining step (RDS) and that all other steps 
could be expressed as a pseudo-equilibrated reaction. What would the mechanism be if 
the first and rate determining step was actually: 
 
 

𝑁" +	∗ 														𝑁"∗ 
 
 
With N2* being the most abundant reaction intermediate (MARI). 
 
Can you derive the rate expression? 
 
  
  

CHAPTER 5 HeterogeneolJs l;atalYSIS

5.3 I Kinetics of Overall Reactions
Hit

Consider the entire sequence of elementary steps comprising a surface-catalyzed reac-
tion: adsorption ofreactant(s), surface reaction(s), and finally desorption ofproduct(s).
If the surface is considered uniform (i.e., all surface sites are identical kinetically and
thermodynamically), and there are negligible interactions between adsorbed species,
then derivation of overall reaction rate equations is rather straightforward.

For example, the reaction of dinitrogen and dihydrogen to form ammonia is
postulated to proceed on some catalysts according to the following sequence of
elementary steps:

Step ai

(1) Nz + 2* ( ) 2N* 1
(2) N* + H* ( ) NH* + * 2

(3) NH* + H* ( ) NHz* + * 2

(4) NHz* + H* ( ) NH 3 + 2* 2

(5) Hz + 2* ( ) 2H* 3

N z + 3Hz = 2NH3

where (ii is the stoichiometric number of elementary step i and defines the number of
times an elementary step must occur in order to complete one catalytic cycle accord-
ing to the overall reaction. In the sequence shown above, a z = 2 means that step 2
must occur twice for every time that a dinitrogen molecule dissociately adsorbs in
step 1. The net rate of an overall reaction can now be written in terms of the rate of
anyone of the elementary steps, weighted by the appropriate stoichiometric number:

r=
ri - Li

(5.3.1)

The final form of a reaction rate equation from Equation (5.3.1) is derived by re-
peated application of the steady-state approximation to eliminate the concentrations
of reactive intermediates.

In many cases, however, the sequence of kinetically relevant elementary steps
can be reduced to two steps (M. Boudart and G. Djega-Mariadassou, Kinetics of
Heterogeneous Cataiytic Reactions, Princeton University Press, Princeton, 1984, p. 90).
For example, the sequence given above for ammonia synthesis can be greatly sim-
plified by assuming step I is rate-determining and all other steps are nearly equili-
brated. The two relevant steps are now:

ai
(1) 2N* (rate-determining step)

(2)
K2

N* + 3/2 Hz =e= NH3 + * 2 (quasi-equilibrated reaction)
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Problem 2 
 
The ammonia synthesis reaction can occur over Ru. At high H2 pressure and low N2 
pressure (49 bar H2 1 bar N2) and a reaction far from equilibrium, we see the following 
mechanism: 

 

 

 
 

The resulting rate appears to be in first order in [N2] and inverse first order in [H2]. The 
final concentration of ammonia (at these low conversions) seems to have no effect. Can 
you derive a rate that explains these results at these conditions? 
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EXAMPLE 5.3.1 I
Ruthenium has been investigated by many laboratories as a possible catalyst for ammonia
synthesis. Recently, Becue et al. [T. Becue, R. J. Davis, and 1. M. Garces, J. Catat., 179
(1998) 129] reported that the forward rate (far from equilibrium) of ammonia synthesis at
20 bar total pressure and 623 K over base-promoted ruthenium metal is first order in dinitrogen
and inverse first order in dihydrogen. The rate is very weakly inhibited by ammonia. Pro-
pose a plausible sequence of steps for the catalytic reaction and derive a rate equation con-
sistent with experimental observation.

(quasi-equilibrated)

(rate-determining step)(1)

(2)

• Answer
In the derivation of Equation (5.3.8), dissociative adsorption of dinitrogen was assumed to
be the rate-determining step and this assumption resulted in a first-order dependence of the
rate on dinitrogen. The same step is assumed to be rate-determining here. However, the rate
expression in Equation (5.3.8) has an overall positive order in dihydrogen. Therefore, some
of the assumptions used in the derivation of Equation (5.3.8) will have to be modified. The
observed negative order in dihydrogen for ammonia synthesis on ruthenium suggests that
H atoms occupy a significant fraction of the surface. If H* is assumed to be the most abun-
dant reaction intermediate on the surface, an elementary step that accounts for adsorption of
dihydrogen must be included explicitly. Consider the following steps:

k1
Nz + 2* 2N*

Kz
Hz + 2* 2H*

that are followed by many surface reactions to give an overall equilibrated reaction repre-
sented by:

(3) N* + 3H* ::§= NH3 + 4* (quasi-equilibrated)

As before, the forward rate of the reaction (far from equilibrium) can be expressed in terms
of the rate-determining step:

(5.3.9)

To eliminate [*] from Equation (5.3.9), use the equilibrium relationship for step 2 combined
with the site balance. Hence, the following equations:

[H*f
Kz = -r",.=-.l-=-Z[---'H'--l

l j Zj

(5.3.10)

[*]0 = [H*] + (5.3.11)

are solved simultaneously to give:

(5.3.12)
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Problem 3 
 
For the reaction of A to B over a solid catalyst, the reaction rate has the following form: 
 

𝑟 =
𝑐𝑠𝑡	𝑃,	𝑃-

(1 + 𝐾,𝑃, + 𝐾-𝑃-)"
 

 
 
Can you suggest a mechanism that would correspond to this reaction? 
 
What would happen to the rate expression if a large pressure of an inert molecule PN (with 
PN >> PA and PB) was introduced that could adsorb on the catalyst similarly to A and B? 
 
	
 
 
 
 


