
 
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? 
 
Solution: 
 
As described the mechanism is: 
 
 
 
 

𝑁! +	∗ 														𝑁!∗ 
 

 
 

𝑁!∗ + 3	𝐻!																2	𝑁𝐻# 	+	∗ 
 
We start by writing the RDS: 

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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𝑟 = 𝑘$[𝑁!][∗] − 𝑘%$[𝑁!∗] 

 
 

𝐾! =
[𝑁𝐻#]![∗]
[𝐻!]#[𝑁!∗]

 

with the site balance:  
 
[∗]& = [∗] + [𝑁!∗] 
 

[∗] = [∗]& −
[𝑁𝐻#]![∗]
[𝐻!]#𝐾!

		→ 	 [∗] =
[∗]&

1 + [𝑁𝐻#]!
[𝐻!]#𝐾!

	 

 
We can also use this to determine [𝑁!∗]: 
 

[𝑁!∗] = [∗]& − [∗] =
[∗]&

[𝑁𝐻#]!
[𝐻!]#𝐾!

1 + [𝑁𝐻#]!
[𝐻!]#𝐾!

=
[∗]&[𝑁𝐻#]!

[𝐻!]#𝐾! + [𝑁𝐻#]!
 

 
We can substitute both expressions into the rate equation: 
 

𝑟 = 𝑘$[𝑁!]
[∗]&

1 + [𝑁𝐻#]!
[𝐻!]#𝐾!

− 𝑘%$
[∗]&[𝑁𝐻#]!

[𝐻!]#𝐾! + [𝑁𝐻#]!
 

 
 
 
 



  
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? 
 
 
Solution: 
 
We start with the RDS: 
 
 

𝑟 =
𝑘$[𝑁!][∗]!

[∗]&
 

 
 
The equilibrium reaction for the 2nd step must hold: 
 

𝐾! =
[𝐻∗]!

[∗]!	[𝐻!]
 

 
At such H2 pressures, we can maybe assume that H* is the MARI. Let’s test this out: 
 
[∗]& = [∗] + [𝐻∗] 
 
 

[∗] =
[𝐻∗]

(𝐾!	[𝐻!])$/!
=

[∗]& − [∗]
(𝐾!	[𝐻!])$/!

 

 

[∗] =
[∗]&

1 + (𝐾!	[𝐻!])$/!
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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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If we plug this into the rate equation: 
 

𝑟 =
𝑘$[𝑁!][∗]&

41 + (𝐾!	[𝐻!])
$
!5

! 

 
 
At high PH2, we can assume that (𝐾!	[𝐻!])

!
" ≫ 1 and therefore the rate becomes: 

𝑟 =
𝑘$[𝑁!][∗]&
𝐾!	[𝐻!]

 

 
This rate is first order in N2 and inverse first order in H2 as experimentally described. 
Interestingly, the following equilibrium does not enter into consideration at all because 
H* is assumed to be the MARI. 
 
  



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? 
 
Solution: 
Let’s	assume	that	the	RDS	for	the	reaction	is	the	transformation	of	adsorbed	A	to	
adsorbed	B.	

𝐴 +∗ 														𝐴 ∗ 	 	 (1)	

𝐴 ∗ 															𝐵 ∗ 	 	 (2)		
	

𝐵 ∗ 											𝐵	 	 (3)	
The	rate	would	be	expressed	as:	

𝑟 = 𝑘
1
=𝐴 ∗ >	

Let’s	express	the	adsorbed	species:	

𝐾
𝐴
=
=𝐴 ∗ >
[𝐴]	[∗]	

Which	gives:	
=𝐴 ∗ > = 𝐾

𝐴
[𝐴]	[∗]	

and	

𝐾
𝐵
=
=𝐵 ∗ >
[𝐵]	[∗]	

Which	gives:	
=𝐵 ∗ > = 𝐾

𝐵
[𝐵]	[∗]	

	
[∗]

0
= [∗] + =𝐴 ∗ > + =𝐵 ∗ >	

	
[∗]

0
= [∗] + [𝐴]	[∗]𝐾

𝐴
+ [𝐵]	[∗]𝐾

𝐵
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of ethane hydrogenolysis and cyclohexane dehydrogenation

As an extension to concepts discussed earlier, a rate expression for the reaction
of A and B to form products can be developed by assuming an irreversible, rate-
determining, bimolecular surface reaction:

(1)

(2)

(3)

A + * A*
B + * B*

k,
A* + B* + products + 2*
A + B ===> products

(quasi-equilibrated adsorption of A)

(quasi-equilibrated adsorption of B)

(surface reaction, RDS)

(overall reaction)
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Table 5.2.3 I Pre-exponential factors for
2Hads -> Hz g on transition
metal surfaces.

153

Pd(lll)
Ni(100)
Ru(OOl)
Pd(llO)
Mo(llO)
Pt(lll)

1012
1013.5
1014.5
1013.5
1013
1012

aThe values have been normalized by [*]0'
Adapted from R. Masel, Principles ofAdsorption
and Reaction on Solid Surfaces, Wiley, New
York, 1996,p. 607.

sites in the rate expression. As discussed above, the rate of associative desorption
of H2 from a square lattice can be written as:

(5.2.32)

where the pre-exponential factor of the rate constant is now multiplied by 2/[*]0 to
properly account for the statistics of a reaction occurring on adjacent sites. For de-
sorption of H2 at 550 K from a W(lOO) surface, which is a square lattice with
[*]0 = 5 X 1014 cm-2, the pre-exponential factor is anticipated to be 4.6 X 10-2
cm2 S-2. The reported experimental value of 4.2 X 10-2 cm2 S-1 is very close to
that predicted by transition state theory (M. Boudart and G. Djega-Mariadassou,
Kinetics ofHeterogeneous Catalytic Reactions, Princeton University Press, Princeton,
1984, p. 71). The measured pre-exponential factors for associative desorption of
dihydrogen from other transition metal surfaces (normalized by the surface site
density) are summarized in Table 5.2.3. Clearly, the values in Table 5.2.3 are con-
sistent with transition state theory.

A fairly rare elementary reaction between A and B, often called a Rideal-Eley step,
occurs by direct reaction of gaseous B with adsorbed A according to the following
sequence:

A + * ( ) A*
A* + B ---)- products

A + B ==> products

(reversible adsorption of A)
(Rideal-Eley step)

(overall reaction)

Theoretically, if reactions are able to proceed through either a Rideal-Eley step or a
Langmuir-Hinshelwood step, the Langmuir-Hinshelwood route is much more preferred
due to the extremely short time scale (picosecond) of a gas-surface collision. The
kinetics of a Rideal-Eley step, however, can become important at extreme conditions.
For example, the reactions involved during plasma processing of electronic materials



[∗]
0

(1 + [𝐴]	𝐾
𝐴
+ [𝐵]	𝐾

𝐵
)
= [∗]	

	
The	rate	becomes:	

𝑟 =
𝑘
1
𝐾
𝐴
[𝐴][∗]

0
(1 + [𝐴]	𝐾

𝐴
+ [𝐵]	𝐾

𝐵
)
	

	
This	is	not	exactly	what	we	were	aiming	for.	However	the	form	of	the	equation	looks	
right,	we	need	a	parameter	in	the	form	of:	

[𝐵]

(1 + [𝐴]	𝐾
𝐴
+ [𝐵]	𝐾

𝐵
)
	

It	looks	very	much	like	the	expression	of	[B*].	This	implies	that	the	rate	of	reaction	is	
likely	to	be	expressed	as	the	following:	

𝑟 = 𝑘
1
=𝐴 ∗ > =𝐵 ∗ >	

This	means	that	the	reaction	is	autocatalytic.	
In	order	to	convince	ourselves,	we	can	derive	the	new	rate	of	reaction	taking	into	
account	the	autocatalytic	step:	

𝐴 ∗ + 𝐵 ∗ 											2	𝐵 ∗ 	
Where	the	rate	is	equal	to:	
	

𝑟 =
𝑘$[𝐴 ∗][𝐵 ∗]

[∗]&
	

With:		
	

=𝐴 ∗ > =
𝐾
𝐴
[𝐴][∗]

0
(1 + [𝐴]	𝐾

𝐴
+ [𝐵]	𝐾

𝐵
)
	

And	

=𝐵 ∗ > =
𝐾
𝐵
[𝐵][∗]

0
(1 + [𝐴]	𝐾

𝐴
+ [𝐵]	𝐾

𝐵
)
	

	
The	rate	becomes:	

𝑟 =
𝑘
1
𝐾
𝐴
𝐾
𝐵
[𝐴][𝐵][∗]

0
(1 + [𝐴]	𝐾

𝐴
+ [𝐵]	𝐾

𝐵
) 2

	

Bingo	;)	
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Now	if	we	add	an	inert	but	absorbing	molecule	at	high	pressure,	a	new	equilibrium	
appears:	
	

		𝑁 +∗ 												𝑁 ∗ 	
N	is	not	involved	directly	in	the	reaction	but	its	adsorption	will	hinder	the	
adsorption	of	A	and	B.	It	appears	in	the	site	balance:	

[∗]
0
= [∗] + =𝐴 ∗ > + =𝐵 ∗ > + =𝑁 ∗ >	

or			[∗]
0
= [∗] + [𝐴]	[∗]𝐾

𝐴
+ [𝐵]	[∗]𝐾

𝐵
+ [𝑁]	[∗]𝐾

𝑁
	

With	this,	we	can	see	that:	

[∗] =
[∗]

0
(1 + [𝐴]	𝐾

𝐴
+ [𝐵]	𝐾

𝐵
+ [𝑁]	𝐾

𝑁
)
	

Which	will	lead	to	the	following	rate:	

𝑟 =
𝑘
1
𝐾
𝐴
𝐾
𝐵
[𝐴][𝐵][∗]

0
(1 + [𝐴]	𝐾

𝐴
+ [𝐵]	𝐾

𝐵
+ [𝑁]	𝐾

𝑁
) 2

	

	
With	N	being	at	much	higher	pressure	than	A	and	B	we	can	simplify	the	expression	
for	adsorption	sites:	

[∗] =
[∗]

0
(𝐾

4
𝑁)
	

And	the	rate	becomes:	

𝑟 =
𝑘
2
𝐾
1
𝐾
3
[𝐴][𝐵][∗]20

(𝐾
4
𝑁)

	

	
𝑟 = 𝑐𝑠𝑡	[𝐴][𝐵]	
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of ethane hydrogenolysis and cyclohexane dehydrogenation

As an extension to concepts discussed earlier, a rate expression for the reaction
of A and B to form products can be developed by assuming an irreversible, rate-
determining, bimolecular surface reaction:

(1)

(2)

(3)

A + * A*
B + * B*

k,
A* + B* + products + 2*
A + B ===> products

(quasi-equilibrated adsorption of A)

(quasi-equilibrated adsorption of B)

(surface reaction, RDS)

(overall reaction)


