
 
ChE-403 Problem Set 2.4 

Week 8 
Problem 1 
 
Let’s consider the hydrogenation of propanal to propanol over a supported nickel 
catalyst: 

 
 

Assume that the rate-limiting step is the reversible chemisorption of PO on the surface 
and that dihydrogen adsorbs dissociatively on the Ni surface. 
 
Can you propose a complete (and reasonable) sequence of steps and a kinetics expression 
that satisfies the following experimentally measured rate? 
 

𝑟 =
𝑐𝑠𝑡1	𝑃)* − 𝑐𝑠𝑡2	𝑃)-*-/𝑃-/

1 + 𝑐𝑠𝑡3	𝑃-/
2.4  

 
Hint: the expression should suggest a simplification to you. 

 
 
Solution: 
 
The following mechanism can be proposed.  
 

 
 

The first two steps are given and the following steps can be assumed to be at equilibrium 
because at this point we don’t know any better. 
 
The rate expression obtained experimentally strongly suggests that H* is the MARI. 
Indeed, what is under the fraction bar usually represents what is on the surface and only 
the expression representing H* is there. 

O OH
Ni/C

+ H2

PO PHOH

PO + *       PO* 
H2 + **          2H* 
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approximation together with any other assumptions, like a rate-determining step, a
most abundant reaction intermediate, etc. and compared to the rate data. If the func-
tional dependence of the data is similar to the proposed rate expression, then the se-
quence of elementary steps is considered plausible. Otherwise, the proposed sequence
is discarded and an alternative one is proposed.

Consider the isomerization of molecule A far from equilibrium:

A=*-B

that is postulated to occur through the following sequence of elementary steps:

(I) A + * ( ) A*
(2) A* ( ) B*
(3) B* ( ) B + *

Case 1. If the rate of adsorption is rate determining, then the forward rate of re-
action can be simplified to two steps:

k)
(1) A + * A*

K2a
(2a) A* =€F B+*

where step 2a represents the overall equilibrium associated with surface reaction
and desorption of product. A rate expression consistent with these assumptions is
(derived according to methods described earlier):

r = r1 = k][A][*]
[A*]K ---

2a - [B][*]

[*]0 = [*] + [A*]

(5.4.1)

(5.4.2)

(5.4.3)

(5.4.4)

The equilibrium constant is written such that K2a is large when [A*] is large. Com-
bining Equations (5.4.1-5.4.3) results in the following expression for the forward rate:

k][*Jo[A]
r=

1 + K2a [B]
Case 2. If the surface reaction is rate-determining, the following sequence for the
forward rate is appropriate:

K)
(1) A + * +Q:t A*
(2) A* 4 B*

K3
(3) B* +Q:t B + *

172 CHAPTER 5 HeterogeneQlls Catalysis

approximation together with any other assumptions, like a rate-determining step, a
most abundant reaction intermediate, etc. and compared to the rate data. If the func-
tional dependence of the data is similar to the proposed rate expression, then the se-
quence of elementary steps is considered plausible. Otherwise, the proposed sequence
is discarded and an alternative one is proposed.

Consider the isomerization of molecule A far from equilibrium:

A=*-B

that is postulated to occur through the following sequence of elementary steps:

(I) A + * ( ) A*
(2) A* ( ) B*
(3) B* ( ) B + *

Case 1. If the rate of adsorption is rate determining, then the forward rate of re-
action can be simplified to two steps:

k)
(1) A + * A*

K2a
(2a) A* =€F B+*

where step 2a represents the overall equilibrium associated with surface reaction
and desorption of product. A rate expression consistent with these assumptions is
(derived according to methods described earlier):

r = r1 = k][A][*]
[A*]K ---

2a - [B][*]

[*]0 = [*] + [A*]

(5.4.1)

(5.4.2)

(5.4.3)

(5.4.4)

The equilibrium constant is written such that K2a is large when [A*] is large. Com-
bining Equations (5.4.1-5.4.3) results in the following expression for the forward rate:

k][*Jo[A]
r=

1 + K2a [B]
Case 2. If the surface reaction is rate-determining, the following sequence for the
forward rate is appropriate:

K)
(1) A + * +Q:t A*
(2) A* 4 B*

K3
(3) B* +Q:t B + *

172 CHAPTER 5 HeterogeneQlls Catalysis

approximation together with any other assumptions, like a rate-determining step, a
most abundant reaction intermediate, etc. and compared to the rate data. If the func-
tional dependence of the data is similar to the proposed rate expression, then the se-
quence of elementary steps is considered plausible. Otherwise, the proposed sequence
is discarded and an alternative one is proposed.

Consider the isomerization of molecule A far from equilibrium:

A=*-B

that is postulated to occur through the following sequence of elementary steps:

(I) A + * ( ) A*
(2) A* ( ) B*
(3) B* ( ) B + *

Case 1. If the rate of adsorption is rate determining, then the forward rate of re-
action can be simplified to two steps:

k)
(1) A + * A*

K2a
(2a) A* =€F B+*

where step 2a represents the overall equilibrium associated with surface reaction
and desorption of product. A rate expression consistent with these assumptions is
(derived according to methods described earlier):

r = r1 = k][A][*]
[A*]K ---

2a - [B][*]

[*]0 = [*] + [A*]

(5.4.1)

(5.4.2)

(5.4.3)

(5.4.4)

The equilibrium constant is written such that K2a is large when [A*] is large. Com-
bining Equations (5.4.1-5.4.3) results in the following expression for the forward rate:

k][*Jo[A]
r=

1 + K2a [B]
Case 2. If the surface reaction is rate-determining, the following sequence for the
forward rate is appropriate:

K)
(1) A + * +Q:t A*
(2) A* 4 B*

K3
(3) B* +Q:t B + *
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PHO* + H*        PHOH* + * 
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Therefore, let’s start with the RDS: 
 

𝑟 = 𝑘6[𝑃𝑂][∗] − 𝑘;6[𝑃𝑂 ∗] 
 
Let’s apply all the equilibria: 
 

[𝑃𝑂 ∗] =
[𝑃𝐻𝑂 ∗][∗]
𝐾>[𝐻 ∗]

 

 

[𝑃𝐻𝑂 ∗] =
[𝑃𝐻𝑂𝐻 ∗][∗]
𝐾?[𝐻 ∗]

 

 

[𝑃𝐻𝑂𝐻 ∗] =
[𝑃𝐻𝑂𝐻][∗]

𝐾4
 

We take them all together to get: 
 

[𝑃𝑂 ∗] =
[𝑃𝐻𝑂𝐻 ∗][∗]@

𝐾>𝐾?[𝐻 ∗]@
=

[𝑃𝐻𝑂𝐻][∗]>

𝐾>𝐾?𝐾4[𝐻 ∗]@
 

 
With: 
 

𝐾@ =
[𝐻 ∗]@

[𝐻@][∗]@
 

We have: 
 
 

[𝑃𝑂 ∗] =
[𝑃𝐻𝑂𝐻][∗]

𝐾@𝐾>𝐾?𝐾4[𝐻@]
 

 
With the site balance with H* as the MARI: 
 

[∗] = [∗]2 − [𝐻 ∗] = [∗]2 − [∗](𝐾@[𝐻@])6/@ 
 

[∗] =
[∗]2

1 + (𝐾@[𝐻@])6/@
 

With all that, we have: 
 

𝑟 = 𝑘6[𝑃𝑂][∗] − 𝑘;6[𝑃𝑂 ∗] =
𝑘6[𝑃𝑂][∗]2 −

𝑘;6[𝑃𝐻𝑂𝐻][∗]2
𝐾@𝐾>𝐾?𝐾4[𝐻@]

1 + (𝐾@[𝐻@])6/@
 

 
Which is the expression we were looking for… 
 
  



Problem 2 
 
Consider the following reaction that happens over an activated carbon catalyst: 
 

𝐶𝑂 + 𝐶𝑙@ ⟹ 𝐶𝑂𝐶𝑙@ 
 

From computational studies it is likely that the rate-limiting step is a surface reaction. 
From previous studies we know that Cl2 and COCl2 tend to bind to the catalyst. No 
information is available for CO. Cl2 does not dissociate when binding. 
 
Can you propose at least two potential (and reasonable) mechanisms and derive the 
associated kinetics? Can you suggest a potential experiment that would allow you to 
differentiate between these two mechanisms? 
 
Solution: 
 
1) An first mechanism could be: 

 
Let’s write the RDS, which is a Langmuir-Hinshelwood step (see section 2.4.2). 
 

Therefore the kinetics are: 
 

𝑟 = 𝑘>[𝐶𝑂 ∗∗ 𝐶𝑙@] = 𝑘>
[𝐶𝑂 ∗][𝐶𝑙@ ∗]

[∗]2
 

 
[𝐶𝑙@ ∗] = 𝐾6[𝐶𝑙@][∗] 
 
[𝐶𝑂 ∗] = 𝐾@[𝐶𝑂][∗] 
 
[∗] = [∗]2 − [𝐶𝑙@ ∗] − [𝐶𝑂 ∗] − [𝐶𝑂𝐶𝑙@ ∗]

= [∗]2 − 𝐾6[𝐶𝑙@][∗] − 𝐾@[𝐶𝑂][∗] − 𝐾?[𝐶𝑂𝐶𝑙@][∗] 
 
 

[∗] =
[∗]2

1 + 𝐾6[𝐶𝑙@] + 𝐾@[𝐶𝑂] + 𝐾?[𝐶𝑂𝐶𝑙@]
 

 
 

𝑟 =
𝑘>𝐾@𝐾6[∗]2[𝐶𝑙@][𝐶𝑂]

(1 + 𝐾6[𝐶𝑙@] + 𝐾@[𝐶𝑂] + 𝐾?[𝐶𝑂𝐶𝑙@])@
 

176

EXAMPLE 5.4.1 I
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The reaction CO + CI2 => COCI2 has been studied over an activated carbon catalyst. A sur-
face reaction appears to be the rate-determining step. Fashion a rate model consistent with
the following data:

4.41 0.406 0.352 0.226
4.4 0.396 0.363 0.231
2.41 0.310 0.320 0.356
2.45 0.287 0.333 0.376
1.57 0.253 0.218 0.522
3.9 0.610 0.113 0.231
2.0 0.179 0.608 0.206

• Answer
The strategy is to propose a reasonable sequence of steps, derive a rate expression, and then
evaluate the kinetic parameters from a regression analysis of the data. As a first attempt at
solution, assume both CI2 and CO adsorb (nondissociatively) on the catalyst and react to form
adsorbed product in a Langmuir-Hinshelwood step. This will be called Case I. Another
possible sequence involves adsorption of CI2 (nondissociatively) followed by reaction with
CO to form an adsorbed product in a Rideal-Eley step. This scenario will be called Case 2.

Case 1
K1

CI2 + * C12*
K2

CO + * CO*
k2

CO* + C12* COCI2* + *
K4

COCI2* COCI2 + *

The rate expression derived from the equilibrium relations for steps 1, 2, and 4, assuming all
three adsorbed species are present in significant quantities, is:

The data fit well the above expression. However, some of the constants (not shown) have
negative values and are thus unrealistic. Therefore, Case I is discarded.

3



2) A second possible mechanism could be an Eley Rideal mechanism with CO (because 
we don’t know if it is actually present on the surface): 
 

 
 
In this case the RDS is simpler: 
 
𝑟 = 𝑘>[𝐶𝑂][𝐶𝑙@ ∗] 
 
 
[𝐶𝑙@ ∗] is given by the same expressions as above (except that there is no CO on the 
surface so it does not appear in the site balance): 
 

[𝐶𝑙@ ∗] = 𝐾6[𝐶𝑙@][∗] =
𝐾6[∗]2[𝐶𝑙@]

1 + 𝐾6[𝐶𝑙@] + 𝐾>[𝐶𝑂𝐶𝑙@]
 

 
 

𝑟 =
𝑘>𝐾6[∗]2[𝐶𝑙@][𝐶𝑂]

1 + 𝐾6[𝐶𝑙@] + 𝐾>[𝐶𝑂𝐶𝑙@]
 

 
 
You could differentiate using any experiment in which you varied [𝐶𝑙@], [𝐶𝑂] and 
[𝐶𝑂𝐶𝑙@] and fit the rate data to see which expression fit. A particularly easy experiment 
would be to work at high CO pressure compared to the other components and see if 𝑟 ∝
1/[𝐶𝑂] (case 1) or 𝑟 ∝ [𝐶𝑂] (case 2). 

 
 
 
 
  

Case 2

CHAPTER 5 HeterogeneolJs Catalysis

K 1

Clz + * Clz*
kz

CO + Clz* -A+ COClz*
K1

COClz* COClz+ *
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Assuming only Clz* and COClz* are present on the surface, the following rate expression is
derived:

Fitting the data to the above equation results in the following rate model:

1.642[COJ[ClzJ ( mOl)
r = 1 + 124.4[ClzJ + 58.1 [COClzJ gcat-h

where concentrations are actually partial pressures expressed in atm. Even though all the kinetic
parameters are positive and fit the data set reasonably well, this solution is not guaranteed to
represent the actual kinetic sequence. Reaction kinetics can be consistent with a mechanism but
they cannot prove it. Numerous other models need to be constructed and tested against one an-
other (as illustrated previously in this section) in order to gain confidence in the kinetic model.

Rate constants and equilibrium constants should be checked for thermody-
namic consistency if at all possible. For example, the heat of adsorption 6.Hads
derived from the temperature dependence of Kads should be negative since
adsorption reactions are almost always exothermic. Likewise, the entropy change
6.Sads for nondissociative adsorption must be negative since every gas phase
molecule loses translational entropy upon adsorption. In fact, I6.Sads I< So (where.,
Sg is the gas phase entropy) must also be satisfied because a molecule cannot
lose more entropy than it originally possessed in the gas phase. A proposed kinetic
sequence that produces adsorption rate constants and/or equilibrium constants
that do not satisfy these basic principles should be either discarded or considered
very suspiciously.

Exercises for Chapter 5
1. (a) Calculate the BET surface area per gram of solid for Sample I using the

full BET equation and the one-point BET equation. Are the values the
same? What is the BET constant?

(b) Calculate the BET surface area per gram of solid for Sample 2 using the
full BET equation and the one-point BET equation. Are the values the
same? What is the BET constant and how does it compare to the value
obtained in (a)?
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