
tin• class and home problems ) 

The object of this column is to enhance our readers' collection of interesting and novel problems in 
chemical engineering. Problems of the type that can be used to motivate the student by presenting a 
particular principle in class, or in a new light, or that can be assigned as a novel home problem, are 
requested, as well as those that are more traditional in nature and which elucidate difficult concepts. Please 
submit them to Professors James 0. Wilkes and Mark A. Burns, Chemical Engineering Department, Univer­
sity of Michigan, Ann Arbor, Ml 48109-2136. 

THE INFLUENCE OF CATALYSTS ON 
THERMODYNAMIC EQUILIBRIUM 
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Boulder, CO 80309-0424 

T he influence of heterogeneous catalysts on how 
chemical equilibrium calculations are carried 
out is demonstrated by the following short 

problem, which will be viewed as a simplified repre­
sentation of methanol synthesis. 

(_P_r_o_b_l_e_m_S_ta_t_e_m_e_n_t ___________ ) 
The inlet feed to a catalytic reactor is pure A. What 

is the maximum mole fraction of B that can be ob­
tained in a catalytic reactor for the parallel, revers­
ible reactions with the indicated equilibrium con­
stants 

(1) 

(2) 

(_s_o_lu_t_io_n ________________ ~) 
A reasonable approach is to solve the two equilib­

rium equations simultaneously 

to obtain the following mole fractions 

X A = 0.08 

x8 = 0.12 

Xe= 0.80 

But if the appropriate catalyst was chosen so as 
to accelerate Reaction (1) preferentially, then a 
much higher mole fraction of B could be obtained 
(x8 = 0.60). That is, the mole fraction as a function of 
time would follow a pathway such as that shown 
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in Figure 1, and the above mole fractions would only 
be obtained at long times. To simplify generation 
of Figure 1, the forward rate constant of Reaction 
(1) was assumed to be 100 times the forward rate 
constant of Reaction (2). In an actual catalytic 
system these rate constants can differ by many 
more orders of magnitude. If the reactor residence 
time was chosen in the broad region in Figure 1 
where product B is favored, then a much higher 
concentration of B could be obtained than expected 
based on consideration of both equilibrium reactions 
simultaneously. Because of its larger rate con­
stants, Reaction (1) reaches equilibrium so rapidly 
that it is not affected significantly by Reaction (2) 
until longer reaction times. 

Discussion 

Most undergraduate textbooks in kinetics and re­
actor design discuss heterogeneous catalysis because 
the majority of chemical processes use a catalyst to 
obtain desired products at high rates. Many of these 
textbooks, however, either do not mention the inter­
action between catalysts and thermodynamic equi­
librium, or they give a false impression of how cata­
lysts affect practical equilibrium obtained in a chemi­
cal reactor. For example, typical statements from 
reactor design textbooks about this topic arel1-31 

• The thermodynamic equilibrium is unaltered by the presence 
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of a catalyst. 

• A catalyst changes only the rate of reaction; it does not 
effect the equilibrium. 

• The position of equilibrium in a reversible reaction is not 
changed by the presence of a catalyst. 

• Equilibrium conversion is not altered by catalysis. 

These statements are all correct, but they may 
give the wrong impression because they only apply 
at times that may be long compared to the reactor 
residence time. They do not indicate that catalysts 
give us the option of deciding which reactions to 
consider in the equilibrium calculations. 

Methanol synthesis from CO and H 2 clearly dem­
onstrates this point. Consider the two reactions 

Equilibrium 
Constant at 500 K 

CO + 2 H 2 ~ CHpH 5. 3 x 10-3 (3) 

2C0+4H2 ~ C2H50H+H20 32.8 (4) 

At first glance, it would not appear worthwhile 
to build a methanol synthesis reactor; indeed, 
an ideal equilibrium calculationl41 at 20 atm and 
500 K for a 1:1 feed composition yields the following 
mole fractions: 

Xco = 0.50 

XH
2 

= 6 X 10-3 

X C2 H50H = 0. 25 

XH
2

0 = 0.25 

For this feed composition, the equilibrium cal­
culation indicates that H2 is almost completely 
consumed and the main products are ethanol and 
water. Almost no CH3OH is predicted to form based 
on thermodynamic equilibrium for these two reac­
tions. Of course, commercial plants exist that make 
methanol on a large scale from CO and H2, and the 
undesired reactions are the formation of C2H5OH 
and hydrocarbons. 
If only Reaction (3) is considered in the equilib­

rium calculation, however, then a reasonable yield 
of CH3OH is predicted: 

Xco = 0.50 

XH
2 

= 0.36 

In this case, only a fraction of the H 2 is consumed. 
Clearly this is the correct equilibrium calculation for 
the industrial process; even though C2H5OH also 
forms, 15,61 we do not consider Reaction ( 4) in the 
equilibrium calculation because Reaction (3) is so 
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Figure 1. Mole fra ctions of A,B,C versus reaction time for 
the parallel, reversible decomposition of A to form B 

and C. Rate constants in inverse minutes are 
indicated for first-order reactions. 

much faster. If we did, we would conclude that the 
measured methanol conversion is significantly higher 
than the equilibrium conversion. The formation of 
CH3OH from CO and H2 follows the same type path­
way as shown for component B in Figure 1, except 
that the equilibrium constants differ by almost four 
orders of magnitude for Reactions (3) and (4) instead 
of one order of magnitude for Reactions (1) and (2). 

The interaction between catalysis and thermody­
namics was discussed by Hamilton and Greenwaldp1 
but their ideas are not addressed in most of the 
reactor kinetics or thermodynamics textbooks; only 
a few textbooks on heterogeneous catalysis discuss 
the influence of thermodynamic equilibrium. 1s1 
Hamilton and Greenwald distinguished between true 
equilibrium (infinite time) and practical equilibrium. 
Indeed, if the methanol synthesis reaction is run for 
extremely long contact times, then almost no CH3OH 
remains .C61 Hamilton and Greenwald emphasized that 
the catalyst constrains possible reaction pathways 
so that the uncatalyzed reaction is essentially for­
bidden. Thus, the minimum Gibbs free energy is not 
obtained; instead the minimum along a highly con­
strained path is obtained. 

As pointed out by Satterfield,ts1 a selective catalyst 
directs one reaction essentially to completion while 
having little or no effect on other reactions. Thus, 
the most stable products are not formed. What the 
reaction to synthesize methanol from synthesis gas 
shows is that in calculating equilibrium conversion, 
we must consider the two reactions separately be­
cause the rates of reaction differ significantly. That 
is, the Gibbs free energy is not minimized for the 
system; instead, each equilibrium calculation is done 
independently of the other. For our example, this 
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means that the maximum mole fraction for CH30H 
is 0.14, not 4 x 10-5. 

Thus, catalysts can modify practical thermody­
namic equilibrium by dictating that equilibrium for 
each reaction be considered separately. Catalysts do 
not change equilibrium constants, but the properly 
chosen catalyst allows us to ignore many of the reac­
tions in equilibrium calculations because their rates 
are low. As pointed out by Hamilton and Greenwald171 

Of all the compounds that might theoretically form, it is well known 
that it is necessary to have thermodynamic information on only CO, 
H

2
, and CH

1
OH to cairn/ate equilibrium concentrations and yields 

in such a selectively catalyzed system. 

We ignore an entire class of reactions when we 
calculate the equilibrium yield for methanol without 
also considering the equilibrium for paraffins forma­
tion, even though 11G > 0 for methanol formation, 
and 11G < 0 for methane and higher paraffin forma­
tion. All the higher alcohols and all the paraffins are 
more thermodynamically favored than methanol,191 

but they are formed in very low concentrations over 
the typical ZnO/Cr20 3 catalyst. 

In summary, catalysts affect practical equilibrium 

lfii book review 

INTRODUCTION TO 
MACROMOLECULAR SCIENCE 
by Peter Munk 
John Wiley and Sons, Inc., New York; 522 pages, 
$44.95 (1989) 

Reviewed by 
Matthew Tirrell 
University of Minnesota 

) 

As a research field, polymer science has flourished 
within chemical engineering more than in any other 
traditional academic discipline and, while I have not 
surveyed this quantitatively, I feel confident in as­
serting that many more courses on aspects of poly­
mer science and technology are taught in chemical 
engineering than in any other kind of department. 
That fact alone makes the appearance of a new text­
book on polymer science a noteworthy event for 
chemical engineering. On top of that, there is the 
fact that polymer science has become so broad a 
topic that there are many ways to approach its pre­
sentation and concomitant, there is a general dissat­
isfaction with the books available for instruction 
during the last five years. It was precisely this feel­
ing that led Professor Munk to write this book, as he 
explains in the Preface; for this, I salute him, since 
complaining is certainly easier and more immedi-
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conversions because conversions much higher than 
those calculated from equilibrium can be obtained in 
catalytic reactors. 
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ately gratifying than bookwriting. 
The book is intended for a first course in polymer 

science but is at a level that would be appropriate for 
introducing the subject to either seniors or graduate 
students. It comprises five chapters, the first four of 
them quite large and broad in themselves: Structure 
of Macromolecules, Techniques for Synthesis of Poly­
mers, Macromolecules in Solution, and Bulk Poly­
mers. These are solid, information-rich chapters. The 
fifth chapter, Technology of Polymeric Materials, is 
but ten pages long and is not really up to the job 
announced by its title. 

The flow of topics, beginning with a detailed dis­
cussion of the ways that macromolecules can be put 
together, followed by a second detailed chapter on 
synthetic methods is, in my view, exactly appropri­
ate for an introductory book. Connections made be­
tween uncharged, synthetic polymers, which are the 
main subject of the book, and important related top­
ics, such as polyelectrolytes, micelles, proteins, and 
polynucleotides, are very well done and useful. Par­
ticular care has gone into placing polymer science in 
a proper context, which is both educational for the 
reader and likely to stimulate student interest by 
helping them see connections. 

The third chapter on polymers in solution is also 
filled with important and useful information on the 
basic physical chemistry of mixture of polymers with 
solvents. I begin to find divergence between the 
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